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Abstract 
 
The effects of added oxygen gas on analytical glow discharges (GD) - , significant changes 
in electrical characteristics, and emission line intensities of both analyte and carrier gas 
(usually Ar) - have been shown experimentally and predicted by computer models. 
However, past experimental studies were either limited to one or two spectral lines for 
each element, or used oxygen concentrations far higher than those likely in analytical 
work. These changes can seriously affect both the stability of the glow discharge and the 
analytical results. Contamination by oxygen traces can be curtailed by using high purity 
carrier gas, modern vacuum techniques and a “clean” instrument. However, the complexity 
of discharge processes is far greater when oxygen traces are present in the sample either as 
constituent such as Fe2O3, Ti2O3 and Al2O3 or within an alloy.  
Investigations were carried out in three separate locations - at Imperial College London 
(IC), The Swiss Federal Laboratories for Materials Science & Technology EMPA, Thun, 
Switzerland and The Leibniz-Institut für Festkörper- und Werkstoffforschung IFW, 
Dresden, Germany. Optical spectra generated in pure argon, Ar/O2 and Ar/H2 plasmas 
have been recorded using the IC high resolution vacuum UV Fourier transform 
spectrometer allowing for the first time a detailed study of the effects of added oxygen on 
observed intensities of emission lines from a large number of energy levels; these spectra 
have been compared, again for the first time, with spectra from a calamine sample (hot 
rolled alloy steel with oxide layer) in a pure argon plasma. A Specturma GDA650 
instrument was used to record time-resolved spectrochemical information during the 
analysis of calamine. Glow discharge time of flight mass spectrometry (GD-TOFMS) 
experiments were carried out at EMPA with iron, titanium, copper, gold and iron oxide 
samples. Changes in emission intensities and ion signals of both analyte and carrier gas 
with addition of O2 are reported and discussed and compared to the cases of H2 & N2 
additions. 
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Chapter 1 
 
Introduction 
 
Glow discharge (GD) plasma is an ionized gas primarily utilized as an excitation / 
ionization source for direct solid sample analysis [1]. The sample to be analysed forms the 
cathode of a discharge in a noble gas, normally pure argon; the elements present are 
sputtered from the cathode, excited and ionized and then detected either by optical 
emission spectroscopy (OES) or by mass spectrometry (MS). Glow discharge mass 
spectrometry (GD-MS) is an analytical method in which mass spectrometry is used to 
measure mass to charge ratio and abundance of ions from a glow discharge, while the 
excited atoms emit characteristic photons, which can be detected with an optical emission 
spectrometer, glow discharge optical emission spectrometry (GD-OES). The glow 
discharge owes its name to the luminous glow of the plasma. When a sufficiently strong 
electric field is present in a gaseous medium, atoms and molecules in a gaseous medium 
will break down electrically, permitting current to flow. The initial break down is created 
by free electrons, which are accelerated in the electric field.   
Analytical glow discharge (GD) optical emission spectrometry is a technique used for both 
the study of solid bulk materials and compositional depth profiling (CDP) [2, 3]. The 
primary object of this technique is to obtain rapid and accurate results of elemental 
composition for the analysis of solid materials, essential for the development of new 
materials and surface coatings and for production quality control. It is already known that 
traces of molecular gases such as H2 and N2 can affect elemental analyses in glow 
discharge optical emission spectroscopy [4-9], particularly in CDP applications [10]. 
Contamination by trace molecular gases through residual moisture or atmospheric gases 
may be less serious with modern clean instrumentation. However, gaseous elements can be 
present in the sample material as a constituent such as an oxide (Al2O3, SiO2, Ti2O3, ZrO2), 
hydride (TiH2), polymers or SnO2-based mixed oxide electrode
 
[1], and the contribution of 
molecular gases from the natural composition of the sample can lead to substantial 
inaccuracy in analytical results [10]. These analytical errors may result from discrepancy 
in crater profiles, fluctuation in the electrical parameters or from changes in emission 
 23 
intensity of many atomic analytical lines commonly used in commercial Glow Discharge 
Spectrometry (GDS). 
Although the basic processes of excitation and ionisation occurring in glow discharge are 
well understood, particularly in argon
 
[11], the situation becomes more complex when 
traces of molecular gases are present. For good analytical practice, it is essential to know 
how these O2, H2 and N2 traces affect the ionization and excitation processes, and hence 
the accuracy of results. 
The main objective of my PhD work on experimental studies on glow discharge processes 
is the examination of the effect of oxygen on individual excitation processes in glow 
discharge. I have undertaken detailed investigations, for the first time over a wide spectral 
range including many spectral lines, of the effect of oxygen as an impurity (0-1 % v/v) in 
argon glow discharge with iron, titanium, copper and gold samples.  
 
1.1 Excitation mechanisms in glow discharge 
In order to understand the underlying physics of plasma processes and to obtain better 
insight into the effect of traces of molecular gases on glow discharges, various excitation 
and ionization processes are briefly discussed here. For good systematic investigation for 
technological applications, a clear understanding of all processing occurring in the glow 
discharge plasma is desirable. An emission spectrum results from various collisional 
excitations and decay processes when a sufficiently high potential difference is applied 
between two electrodes placed in a gas. As a result, the electrons are accelerated by the 
electric field in front of the cathode and collide with the gas atoms. The major process for 
the excitation / ionization is „electron impact‟. The excitation collisions followed by de-
excitation with the emission of radiation, are responsible for the glow discharge. The 
ionization collisions give rise to further electrons and ions. The ions are accelerated by the 
electric field toward the cathode, where they release more electrons by ion-induced 
secondary electron emission. These processes of electron emission at the cathode and 
ionization in the plasma make the glow discharge a self-sustaining plasma. 
In the case of noble gas, ionization also results from the transfer of the internal energy 
from the metastable state of a noble gas atom to the ground state of the sample atom. 
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Xo + Im → X
+
 + Io + e
- 
+ ∆E,        (1.1) 
where Im and Io represent the noble gas atom in a metastable state and the ground state, and 
Xo and X
+
 represent sample atom in the ground state and sample ion, respectively. This 
process is called „Penning ionization‟. The important condition for causing Penning 
ionization is that the ionization potential of the sample atom is below the energy of the 
metastable atom. The metastable states for argon atoms and neon atoms are Arm (4s 
3
P2, 
11.55 eV and 4s 
3
P0, 11.72 eV) and Nem (
3
P1, 16.62 eV and 
3
P0, 16.72 eV) respectively. 
Ionization also occurs from a charge transfer collision between a noble gas ion and a 
sample atom. This process occurs favourably when there is little difference in energy 
between the I
+
 and X
+
.  
Xo + I
+
 → X+ + Io + ∆E,        (1.2) 
Very often, X
+ 
is an excited state of the sputtered ion (X
+*
) which satisfies the condition 
for energy matching. This process is known as „Asymmetric Charge Transfer‟ (ACT). The 
collision between an analyte atom (Xo) and noble gas ion can lead to the transfer of an 
electron from the atom to the ion if the energy difference between the ion ground state or 
metastable level and the energy levels of the resulting analyte ion is sufficiently small; the 
efficiency of this process generally decreases with growing energy difference between the 
energy levels of noble gas ion and sample atom. More details of excitation and ionisation 
processes in pure noble gas and the effects of additions of traces of molecular gases will be 
discussed in the next chapters. 
Asymmetric charge transfer has been observed in Grimm-type discharges, the source used 
in this thesis work (see details in chapter 2, section 2.1.2 & 2.2.2), for a variety of cathode 
materials (Fe, Cu, Ti, Al, Bi, Pb etc.) and carrier gases (He, Ar, Ne or Kr) [12-17]. The 
probability of the reaction increases if several excited levels are close to resonance (i.e |∆E| 
<~0.2.eV, although exoergic reactions, with ∆E ≤ 2 eV have been reported [18]. The 
reaction cross-section depends also on the energy states involved. In addition to carrier gas 
ions, ions of trace molecular gases can also produce asymmetric charge transfer. Steers et 
al. [7] reported for the first time that trace hydrogen in argon glow discharge can produce 
ACT and that asymmetric charge transfer involving hydrogen H-ACT is a very important 
selective mechanism for certain Fe II and Ti II spectral lines. I have carried out similar 
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experiments for the study of asymmetric charge transfer involving oxygen ions and results 
are presented in detail in chapter 4. 
 
1.2 Background of glow discharge optical emission spectrometry 
In the 1960s and 1970s glow discharges became a major focus of research in many 
analytical chemistry laboratories when W. Grimm [19] introduced a new form of discharge 
source, shown diagrammatically (Fig. 2.4) in chapter 2. The source proved very 
convenient for routine analysis of bulk metallic samples. Instrumentation consisting of 
Grimm source, vacuum and gas system and spectrometer, is available from a number of 
commercial manufacturers and is widely used in analytical labs and research institutions. 
For several decades analytical glow discharges in the Grimm-type configuration have been 
successfully used for direct solid sample analysis and for depth profile analysis of coated 
materials. Initially this source was restricted to conducting materials due to the use of 
direct current (dc) discharges. Later in the 1990s, this technique has been successfully 
employed for the analysis of non-conducting samples such as glass, paint layers and oxide-
materials using radio-frequency (rf) discharges. In this case, a bias voltage will be built up 
at one of the electrodes so that net ion bombardment and sputtering can take place [1]. In 
order to have exact information and flexible control (one can adjust the desired value of 
parameters) of the discharge parameters, a dc source is still however widely used.  
In most recent years, analytical glow discharge optical emission spectrometry is used 
broadly, for performing surface, interface analysis [20], and compositional depth profiling 
of thin films [10]. The scope of glow discharge optical emission spectrometry has further 
expanded to the direct analysis of ultra-thin films (less than 10 nm thick) [21]. An 
especially flat clean sample is required for the analysis of such thin layers, along with the 
capability of a spectrometer to measure complete spectra in a very short time (seconds) 
from the initiation of the discharge. Moreover, contamination from any possible source 
must be restricted to achieve accuracy in analytical results because the first few 
milliseconds of the analysis are usually affected by the source/surface contamination. 
Bengtson [10] has reported that even when a slightly greasy analyte was used in dc 
Grimm-type source with its standard operating conditions, emission from OH molecules 
was identified during the first few seconds of the discharge. Complexities in glow 
discharge processes and uncertainty in analytical results further rise when analyses are 
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required of layers containing compounds such as oxides, nitrides and hydrides, where the 
sample itself contains an element forming a molecular gas. This highlights the importance 
of the studies of the case when the trace gases themselves arise from within the sample. In 
chapter six particular attention has been given to the studies of a sample with an oxide 
layer. 
 
1.3  Literature review of mixed gases in glow discharges (1990-2010) 
In this section a brief overview of the existing literature of mixed gases in glow discharges 
is given. It is important because in the next chapters I will compare my results (Ar/O2 glow 
discharge) with the cases of other traces of molecular gases (Ar/H2 & Ar/N2). In 
section 1.4, most recent results of numerical modeling are also given so that experimental 
results can be compared with those predicted by computer models.  
In 1993, Fischer et al. [22] investigated the effects of a controlled O2 and N2 addition to 
argon gas on the analytical parameters of glow discharge optical emission spectroscopy. 
The O2 and N2 concentrations were varied in the range 0-3 mass %, corresponding to a 
partial pressure of about 4 x 10
-3
 hPa. The general effect of the gaseous addition is the 
decrease of the sample sputtering rate with an increasing concentration of O2 or N2. 
However, Fischer‟s work only presented details for analytical lines which are available on 
a commercial GD-OES polychromator system (see Table 3.1) and could not provide full 
understanding of the effects. 
In 1995, Wagatsuma and Hirokawa [23] investigated the effect of oxygen addition to an 
argon glow-discharge plasma source in atomic emission spectrometry. They observed that 
the addition of oxygen gas greatly change the characteristics of the argon plasma light 
source. They reported that strong quenching by oxygen was observed from the intensity of 
the emission lines originating from the analyte element as well as the gas species. 
However, Wagatsuma‟s work does not include information on the analytically important 
low oxygen concentrations which is likely to be appearing from factual analytical oxide 
sample. 
In 1998, Bengtson and Hänströn [3] were the first to clearly demonstrate the effect of 
hydrogen contamination on line intensities while studying a bulk sample of a chromium 
containing steel. They observed that at the start of the discharge, two available Cr lines 
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behaved in different ways until they came to a common value for the Cr content in sample. 
They demonstrated that the presence of hydrogen increased the intensity of one Cr line, 
whilst decreasing that of the other. On the other hand, when the hydrogen arising from the 
contamination was removed the correct Cr content present in sample was obtained. 
In 2000, Hodoroaba et al. [5, 6] carried out investigations of the effect of H2 (0-0.6 % v/v) 
on the emission intensity of Cu lines. For the dc glow discharges, there are macroscopic 
operation parameters: the discharge current, the voltage and the pressure of the discharge. 
They operated the discharge using constant voltage-constant pressure (1000 V & 7.70 hPa) 
mode with a 8 mm diameter anode tube. They observed that controlled addition of H2 
results in a decrease in the current, due to an increase in plasma resistance. They observed 
that the sputter rate also decreased but the sputtering rate per unit current for Cu remained 
almost constant. Hodoroaba et al. showed that emission intensity of Cu I lines tended to 
increase, whilst that of Cu II lines fell dramatically on addition of H2. On the other hand 
Ar I lines tended to be less intense, whilst Ar II lines increased in intensity.  
Hodoroaba et al. [24] also carried out measurements with mass spectrometry and showed 
that whilst the intensity of Ar II lines increased the total number of argon ions significantly 
fell (and the number of ArH
+
 ions increased). In the case of sputtered ions, as the 
population of excited Cu ions decreased significantly, the total population of Cu ions 
increased. I have carried out mass spectrometry experiments using Fe, Ti, Cu and Au as 
cathode materials in both Ar/O2 and Ar/H2 gas mixtures. My results are presented in 
chapter 5 and will also be compared with the work of Hodoroaba. 
In 2001, Wagatsuma [25] published a review of glow discharge optical emission 
spectrometry with mixed plasma gases covering use of mixed noble gases (Ar/He & 
Ne/He) as well as the effect of presence of molecular gases in noble gas plasma (Ar/O2 & 
Ar/N2). He reviewed previously published work on the effect of foreign gases added to 
analytical glow discharges in noble gases but his paper did not include any relevant 
additional information. 
In 2003, Šmíd et al. [26] studied the effect of nitrogen on analytical glow discharges by 
using high resolution Fourier transform spectroscopy. In previous work as reported above, 
only a limited number of emission lines were studied. In order to have a broader picture for 
the effects of nitrogen in glow discharge, a large number of emission lines were recorded 
over wide spectral regions and the observed trends in emission line intensities of sputtered 
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material and carrier gas were presented. A study of spectral line profiles showed changes 
in self-absorption of Ar I lines due to controlled addition of nitrogen in the main carrier 
gas, implying a reduction in the population of argon metastable atoms.  
In 2005, Steers et al. [7] reported for the first time that trace H2 in argon glow discharge 
can produce asymmetric charge transfer and that H-ACT is a very important selective 
mechanism for certain Fe II  and Ti II spectral lines with a total excitation energy close to 
13.6 eV (the ionization energy of hydrogen). Detailed evidence for this mechanism was 
presented and it was reported that the magnitude of the effect varied for different elements 
and spectral lines, but Fe II and Ti II lines with a total excitation energy close to 13.6 eV 
must be avoided for analytical use. 
In 2008, Šmíd et al. [4] investigated the effect of hydrogen and nitrogen on emission 
spectra of Fe I and Ti I lines in analytical glow discharges. The effect of H2 & N2 on the 
sputter rate of Fe and Ti samples was also investigated and reported that in all cases with 
addition of molecular gases the sputter rate was decreased. In order to get an insight into 
the effects of addition of hydrogen, a sample containing hydrogen as a constituent (TiH2) 
was also sputtered in a pure Ar discharge and the recorded spectra were compared to those 
obtained with pure Ti sample sputtered in pure Ar discharge. Some interesting 
characteristics were observed, some of which are as yet unexplained. In the case of 
hydrogen, a rise in the intensity ratios (line intensities measured in Ar/H2 relative to those 
measured in pure Ar) was observed in the range of 3-5 eV excitation energy for both Fe I  
and Ti I spectral lines. Furthermore, in case of iron, several Fe I emission lines with the 
excitation energy between 5.3-5.6 eV were strongly enhanced in Ar/H2. However, in an 
Ar/N2 gas mixture no enhancement in Fe I emission line intensities were observed. 
In 2008, Martin et al. [27] studied the effect of hydrogen on glow discharge, with 0.5, 1 
and 10 % v/v concentrations of H2, on Cu, Zn and Ni atomic emission lines in argon rf 
glow discharge optical emission spectrometry. Different behaviours were observed 
depending on the line characteristics. In general, the emission intensities of the non-
resonance lines did not change significantly, whilst the resonanace lines (the lines 
associated with a transition between the ground state and an excited state) exhibited a 
very pronounced increase in emission yields, EY, (intensity divided by sputter rate and the 
concentration of analyte in the matrix, see more details in chapter 4), which could be 
related to the possible drop in self-absorption (light emitted in one region is partly 
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absorbed in the passage through the plasma, the actual line profile is changed as a result 
of the lowering of maximum intensity) with addition of hydrogen. 
In 2008, Šmíd presented a contributed paper in the Symposium on the Physics of Ionized 
Gases (SPIG) on the effect of H2 on the spatial intensity distribution (side-on 
measurements of spectra by moving away from the cathode) of iron lines in analytical 
glow discharges [28]. Experimental results with spatial intensity distribution were shown 
that the lines with relatively low excitation energies (up to 3.7 eV) can be easily excited by 
collisions with heavy particles whereas the lines with higher excitation energy are 
predominantly excited by collisions with electrons. It was also shown that the intensity 
distribution of the lines is shifted closer to the cathode in the presence of hydrogen. 
E. Steers also presented an overview of the effects of trace molecular gases (H2, N2 and 
O2) in glow discharges in noble gases in SPIG [9]. The effects of traces of molecular gases 
on the electrical characteristics, the sputter rate, and the emission spectrum of glow 
discharges were discussed. The effects of H2 were mainly discussed and it was reported 
that further work will be required for other sample materials and noble gases before a full 
understanding of plasma processes can be obtained. 
Bengtson [10] presented the impact of molecular emission in compositional depth profiling 
using glow discharge optical emission spectroscopy. It was reported that even when a 
slightly greasy analyte was used in dc Grimm-type source with it standard operating 
conditions, emission from OH molecules around 310 nm was identified during the first 
few second of the discharge. Further molecular emission spectra from mixed gases were 
presented, illustrating that dissociation and subsequent recombination processes occur, 
leading to the formation of molecular species not being present in the original plasma gas. 
In 2010, Weyler and Benstson [29] presented the effect of hydrogen as a function of 
discharge parameters, for the purpose of developing effective correction methods in 
quantitative depth profile analysis. This work showed that existing correction models for 
the hydrogen effect do not take variations in the discharge parameters into account and it is 
necessary to implement such variations for accurate correction. 
Although, as described in this section, some work has been reported on the effect of 
addition of O2 to glow discharge, this thesis represents the first glow discharge optical 
emission spectroscopy and glow discharge time of flight mass spectrometry in a broad 
study of the effects of trace oxygen addition in glow discharge.  
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1.4  Review of theoretical modelling of effects of mixed gases on glow discharge 
plasma 
In order to develop the analytical capabilities of glow discharges, and to study the relation 
between plasma properties and analytical results, a better insight into the plasma processes 
is required. The information about plasma processes can be obtained either experimentally 
or by theoretical modelling of the behaviour of the various plasma species [1]. Modelling 
studies provide calculations of particle density profiles, particle energy distributions, 
electric field distributions, the electric current (based on given values of pressure and 
voltage), level populations, intensities and sputter rates, the contribution of which would 
be beyond the scope of any single experimental investigation. 
In the last decade, a number of papers on the effects of molecular gases on glow discharges 
from numerical models have been published but here only a recently published review 
paper with relevant information will be discussed to compare with our experimental 
results. A. Bogaerts [30] performed computer simulations to study the effect of hydrogen 
addition to an argon Grimm-type glow discharge. 65 different reactions between various 
species, including electrons, Ar
+
, ArH
+
, H
+
, H2
+
, and H3
+
 ions, H atoms, H2 molecules, Ar 
atoms in the ground state and metastable levels, and sputtered Cu atoms were taken into 
account. A. Bogaerts also performed computer simulations for Ar/N2 and Ar/O2 gas 
mixtures. In the Ar/N2 model [31] the relevant species are the electrons, Ar
+
, N
+
, N2
+
, N3
+
 
and N4
+
 ions, N atoms, and N2 molecules in the ground state and in 6 different 
electronically excited levels, as well as the Ar atoms in the ground state and in the 
metastable level. 74 different chemical reactions were included for these species. More 
recently in 2009, the Ar/O2 model [32] was published by Bogaerts, considering 87 
different reactions, which take place between different species including electrons, Ar
+
, 
O
+
, O2
+
, and O
-
 ions, O atoms in the ground state and one metastable level, O2 molecules, 
and the Ar gas atoms in the ground and the metastable level. Calculated outcomes include 
the number densities of selected important species and the relative importance of their 
production and loss process, as well as the dissociation degree of the oxygen molecules. 
It is true that the theoretical modelling provides the important information about the 
plasma species, their distribution and plasma processes. However, the modelling studies 
are not necessary applicable to all glow discharges. The results are probably different with 
different source design and operating conditions. In the next chapters, I will compare the 
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results of Ar/O2 modelling with my experimental results of effects of traces of oxygen in 
analytical glow discharges. 
 
1.5  Previous knowledge of the effects of trace addition of oxygen in glow discharge 
plasmas 
It is clear from sections 1.3 & 1.4 that the effects of traces of hydrogen and nitrogen on 
analytical glow discharge optical emission spectrometry, studied both experimentally and 
by numerical modelling include significant changes in electrical characteristics and 
emission intensities of both analyte and carrier gas. However, the literature available on 
the study of trace oxygen in Grimm-type glow discharge is rather limited. Fischer et al. 
[22] investigated the effects of a controlled oxygen and nitrogen addition to argon on the 
few analytical lines (see Table 3.1) which are available on a commercial GD-OES 
polychromator system. Wagatsuma et. al [23] studied the effect of oxygen in a mixed 
Ar/O2 glow discharge plasma source using copper as cathode material, however, the 
oxygen concentrations used were considerably higher than those expected in analytical 
work. Previous work has lacked studies with concentrations of oxygen in glow discharge 
plasma that would be likely with analytical samples or as constituents of the sample. Also, 
in order to have full understanding of the plasma processes and the effects of trace oxygen 
in analytical glow discharge, a large number of atomic and ionic emission lines of sputter 
material, main working gas and trace gas must be investigated. 
 
1.6  New research on the studies of trace oxygen in glow discharges 
The results of studies using the high resolution vacuum UV (VUV) Fourier transform 
spectrometer (FTS), to investigate the effects of added O2 (0-1 % v/v) on many lines in the 
observed spectra from a Grimm-type GD, generated in noble gas (Ar & Ne) with iron, 
titanium and copper cathode (sample) are presented in this thesis. As mentioned above, 
previous studies on oxygen involved investigation of only one or two lines of each of a 
number of elements. I have carried out the first multi-line study for oxygen as an impurity 
in glow discharge spectrometry, using the high resolution VUV FTS allowing several 
hundred spectral lines to be investigated. 
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My thesis reports and discusses how the atomic and ionic emission line intensities of the 
sputtered material, Fe, Ti and Cu, and the carrier gas behave with controlled addition of 
oxygen. In order to gain an insight into the effect of oxygen addition (Ar/O2 glow 
discharge), results are compared with the cases of Ar/H2 and Ar/N2. Since the sample 
sputter rate affects the spectral line intensities of sample lines, controlled experiments 
investigating the change in sample sputter rate with the oxygen concentration in the glow 
discharge have been undertaken, and the resulting crater profiles have been measured and 
the results are compared with those observed with other trace molecular gases. The 
influence of progressive addition of oxygen (0-0.80 %v/v) on the argon plasma in a dc 
analytical glow discharge was also studied for iron, titanium, copper and gold samples 
using the time-of-flight mass spectrometry and results will be compared with results of 
glow discharge FTS measurements. 
 
1.7 Collaboration for comprehensive studies of trace molecular gases 
The Spectroscopy Laboratory at Imperial College, London has been collaborating for some 
years with other research institutions and industrial partners within the EC Marie Curie 
Analytical Glow Discharge Research Training Network “GLADNET”. In general, the 
scientific objective of the Network was to link the leading European laboratories working 
in the field, to overcome the fragmentation and to execute a research training programme 
to further expand glow discharge spectroscopy as a leading tool for the analysis of solid, 
layers and interfaces. This collaboration helped me to take full advantage of opportunities 
to use different instruments to have full understanding of the effects of traces of molecular 
glow discharges. 
As was discussed at the introduction of this chapter, the elements present are sputtered 
from the cathode, excited and ionized and then detected either by optical emission 
spectrometry or by mass spectrometry. All the optical emission spectra generated in argon, 
Ar/O2 and Ar/H2 plasmas I recorded using the Imperial College vacuum UV Fourier 
Transform Spectrometer (FTS) and a free-standing Grimm-type GD source. All the mass 
spectra used in this thesis (chapter 5) generated in argon, Ar/O2 and Ar/H2 plasmas I 
recorded using the glow discharge time of flight mass spectrometry (GD-ToF-MS) system 
at the Swiss Federal Laboratories for Materials Science & Technology EMPA, Thun in 
Switzerland. Furthermore, in order to compare the changes produced when oxygen gas is 
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mixed with the argon before entering the source, and when the oxygen comes from sample 
itself, an oxide layer sample was studied. Using the GD-FTS measurements, the spectrum 
was recorded from a single scan lasting about three minutes, therefore measurements with 
oxide layer samples were complicated for optical emission measurements. For the purpose 
of recording a complete spectrum in a very short time in seconds, the GDA650 surface 
layer analyser (section 2.3.1) at the Leibniz-Institut für Festkörper- und 
Werkstoffforschung (IFW) Dresden was used. Time-resolved spectrochemical information 
and all glow discharge optical emission spectrometry depth profile measurements 
presented here were carried out in IFW, Dresden. 
 
1.8  Layout of thesis 
In order to describe my study of the effects of traces of molecular gases on Grimm-type 
glow discharges, the chapters of this thesis have been arranged so as to give a brief 
introduction of glow discharge plasma, a literature review, experimental details and then 
details about effects of traces of molecular gases. 
The first chapter attempts to furnish the basic plasma physics of the glow discharges and 
their working principles, which is necessary for the understanding of the experimental 
results. This chapter also presents a review of the subject of glow discharge spectrometry. 
The literature review covers the background and fundamental studies on glow discharge 
spectrometry and mainly focused on the effects of molecular gases in glow discharges. 
The second chapter describes the experimental setup and diagnostic techniques, which 
have been used during the glow discharge optical emission spectrometry and time of flight 
mass spectrometry experiments.  
The third chapter explains results of studies using Fourier Transform Optical Emission 
Spectroscopy (FT-OES) to investigate the effects of added oxygen on observed spectra 
from a Grimm-type glow discharge, generated in argon plasma with a pure iron sample. 
This chapter discusses how the atomic emission line intensities of both the sputtered 
material and the argon carrier gas behave with controlled addition of oxygen. 
The results for ionic emission lines are presented in the fourth chapter with the main 
emphasis being given to ionic emission lines of both sample and carrier gas. The 
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involvement of traces of oxygen in the selective excitation of certain analyte spectral lines 
(Fe II, Ti II & Cu II) by asymmetric charge transfer is discussed. 
Chapter five explains the role of oxygen in analytical glow discharges, mainly discussing 
the influence of oxygen on the argon plasma using both time of flight mass spectrometry 
and high resolution optical VUV FTS. The important differences between the results of 
measurements of optical emission detection and mass spectrometry are reported 
In chapter six the influence of trace oxygen, both as a sample constituent and as an 
addition is reported. Time-resolved spectrochemical information acquired during the 
analysis of the oxide layer is discussed and glow discharge optical emission spectrometry 
depth profile measurements are also presented. 
In chapter seven a comprehensive glow discharge optical emission spectrometry study to 
elucidate the effect of traces of molecular gases (O2 & H2) on argon based glow discharge 
plasmas is presented. 
Conclusions of the experimental results and suggestions for future work are presented in 
chapter eight. 
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Chapter 2 
 
Experimental Setup and Diagnostics 
 
This chapter deals with the experimental setup and diagnostic techniques, which have been 
used during the experimental work in this thesis. The work presented in this thesis has 
been done using three different instruments; vacuum UV Fourier Transform Spectrometer 
(FTS), Time of Flight Mass Spectrometer (ToF-MS) and GDA650 Surface Layer Analyser 
at three different places i.e. United Kingdom, Switzerland and Germany. For optical 
emission spectroscopy, all the optical emission spectra generated in the argon, 
argon/oxygen and argon/hydrogen plasmas were recorded using the Imperial College 
vacuum UV Fourier Transform Spectrometer (IC VUV-FTS). Details of the FTS, the 
standard Grimm-type glow discharge source, plasma gas and samples used in GD-FTS 
measurements are given in section 2.1. All the mass spectra generated in argon, 
argon/oxygen, and argon/hydrogen plasmas were recorded using the glow discharge time 
of flight mass spectrometry (GD-ToF-MS) system at Swiss Federal Laboratories for 
Materials Science & Technology EMPA, Thun in Switzerland. Specification and details of 
the instrument, fast flow Grimm-type glow discharge source and plasma gas is discussed 
in section 2.2. For the studies of oxide material, the GDA650 surface layer analyser at the 
Leibniz-Institut für Festkörper- und Werkstoffforschung (IFW) Dresden, Germany was 
used. Information about the GDA650 surface layer analyser, excitation source, optics and 
samples will be discussed in section 2.3. 
  
2.1 Glow discharge optical emission spectrometry work at Imperial College 
The effect of oxygen as an impurity on the analytical glow discharge was investigated by 
using the IC VUV-FTS with a free-standing Grimm-type glow discharge source running in 
dc excitation mode. The spectral range of the IC VUV-FTS (140 -900 nm) together with its 
high resolution (resolving power up to 2 million at 200 nm) is ideally matched to the study 
of emission spectra of Fe, Ti, Cu and argon glow discharges containing small quantities of 
oxygen. Many analytical lines of elements used here lie in the visible and UV spectral 
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regions, while strong and analytically important oxygen and argon atomic lines are in near 
infra-red region. The IC VUV-FTS was used for three wavelength ranges 200-300 nm, 295-
590 nm and 450-900 nm, with Hamamatsu R166, IP28 and R928 photomultiplier tube 
detectors, respectively, and appropriate optical filters. An overview of spectral regions and 
other conditions typically used in this work is given in Table 1. The spectrometer 
resolution chosen was from 0.055 cm-1 to 0.033 cm-1. In most cases this was sufficient to 
resolve the line profiles allowing spectral line shapes to be observed. At this resolution any 
lines affected by blends could be seen in the majority of cases, and unambiguous 
identifications of lines could be made even when major changes in relative line intensities 
occur.  
 
Table 2.1 Overview of spectral regions, photomultiplier tube (PMT) detectors and optical filters used 
in GD-FTS experiments. 
Experiment Spectral 
region 
Wavelength 
range/nm 
Wavenumber 
range/cm
-1 
PMT 
detector 
Optical 
Filter 
Resolution/ 
cm
-1 
Fe/Ar UV 200-300 33000-49500 R1220 - 0.055 
Fe/Ar Visible 300-600 17000-34000 1P28 WG295 0.04 
Fe/Ar Visible-near 
infra-red 
454-900 11000-22000 R928 LP 47 + 
notch 
0.036 
Ti/Ar UV 200-300 33000-49500 R1220 - 0.055 
Ti/Ar Visible 300-600 17000-34000 1P28 WG295 0.04 
Ti/Ar Visible-near 
infra-red 
715-900 11000-15000 R928 LP 715 0.033 
Cu/Ar UV 200-300 3300-49500 R1220 - 0.055 
Cu/Ar Visible 300-600 17000-34000 1P28 WG295 0.04 
Cu/Ar Visible-near 
infra-red 
454-900 11000-22000 R928 LP 47 + 
notch 
0.033 
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Table 2.2: List of references has been used for the identification of 
spectral lines in this thesis. 
Spectral lines References 
Fe I [55], [56], [4], [26] and [105] 
Fe II [56], [7] and [105] 
Ar I [5], [51], [105] and [26] 
Ar II [5], [104] and [105] 
Cu I [5], [16], [27] and [105] 
Cu II [5], [14] and [105] 
 
2.1.1 Fourier Transform Spectrometer (FTS) 
To investigate the spectrochemical changes produced by the trace molecular gas in the 
glow discharge, the preferable method is to record broad wavelength sections of spectrum 
simultaneously. Previously for a commercial GD-OES system a polychromator was used 
for a very limited number of lines for each element [22]. In this way a full understanding 
of plasma processes and possible effects of trace molecular gases cannot be possible, 
because different lines of the same element may be affected in very different ways by a 
particular molecular gas [9] and so many lines must be observed simultaneously for deeper 
understanding. The high resolution VUV -FTS at Imperial College (FT500 constructed by 
Chelsea Instruments based on the IC prototype) is ideal for this purpose, and has been used 
for studies on glow discharge sources for many years.  
More details about the optical arrangement, capabilities, and sampling system of the 
Fourier Transform Spectrometer can be found in the PhD theses of D. G. Smillie [33] and 
R. J. W. Blackwell Whitehead [34], only brief information along with a summary of the 
range of operating parameters and capabilities are given here. The Fourier Transform 
Spectrometer is based on the Michelson interferometer. The input beam is amplitude 
divided by the beamsplitter into two beams, each then following different paths before 
recombining and reaching the detector (see Fig. 2.1). The detector signal recorded by 
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scanning one of the mirrors, the interferogram, is sampled at equal intervals of path 
difference, determined using the fringes of a He-Ne laser following the same path through 
the interferogram using the Brault sampling system [35, 36, 37]. This interferogram is the 
Fourier transform of the source spectral distribution and an inverse Fourier transform is 
thus carried out to produce the spectrum which is then phase corrected [37]. 
 
 
 
Fig. 2.1: Schematic diagram of an FT spectrometer layout (Imperial College) adapted from 
reference [35].  
 
The light from the glow discharge source was focused on the entrance aperture of the FTS 
with a magnesium fluoride lens. Each double-sided interferogram was recorded as a single 
scan lasting about three minutes. The interferograms were subsequently transformed and 
phase corrected by using the GREMLIN program [36] to yield the spectrum, typically 
containing several hundred spectral lines as shown in Fig. 2.2 as an example. Afterwards 
emission lines of both the sputtered material and main carrier gas, along with any trace 
gas, were identified and carefully verified from the spectral line lists of existing literature 
(see Table 2.2). For the studies in this thesis, measurements of line intensities under 
different glow discharge conditions were the prime objective. The emission lines with 
observed signal to noise ratios (SNR) greater than 100 in pure argon, though these SNR 
may be somewhat lower with added oxygen, were selected and separate lists of sputtered 
material, i.e. iron, titanium, copper, and argon atomic and ionic spectral lines were then 
created manually containing details of wavelength, transitions, and approximate relative 
intensities as recorded. The spectral line intensities recorded in different spectra were 
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found by the measured area under the line profiles obtained by fitting of Voigt profiles to 
the observed lines. In the case of argon/oxygen plasma, to compensate for the diminished 
signal to noise ratio due to the decrease in sputter rate (see more details in chapter 3), sets 
of 8 interferograms were co-added for the discharge with the added oxygen. As a result, 
the error (noise to signal ratio) in the measure of the intensity is greatly reduced and in 
most cases when intensities are plotted against the various oxygen concentrations, the error 
in intensities are less than that represented by the height of the individual symbols in the 
plots.  
 
 
Fig. 2.2: Schematic diagram showing; glow discharge plasma, interferogram, spectrum and example of 
line profiles showing self-absorption for various oxygen concentrations.  
 
In this thesis to investigate the excitation processes involved for individual energy levels, 
the observed line intensity ratios, IAr+O2 / IAr, (intensity in mixed gas divided by intensity in 
pure argon) for individual lines are plotted against the total excitation energy involved i.e. 
excitation energy + ionization energy, of upper level of the transition. When plotting such 
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graphs a large number of emission lines with the widest possible range of upper energy 
levels are included so that the changes produced by the presence of traces of molecular gas 
for the individual levels can be investigated in detail [7]. IAr+O2 is a number representing 
the intensity of a particular line excited in an Ar/O2 mixture and IAr is the measure of 
intensity of the same line excited in pure argon under the same constant current - constant 
voltage conditions. This comparison of observed spectral line intensities was possible 
because the spectral response of the spectrometer did not vary over the time scale of these 
measurements. During the FTS measurements, I used same the sample for pure argon and 
various oxygen concentrations, and a complete set of measurements of Ar and Ar/O2 
spectra were recorded within 20 minutes. The general behaviour patterns observed in line 
intensity ratios in this thesis is reproducible to within the uncertainties in intensity 
measurements, however, the measured values of intensities of spectra lines are of course  
different in experiments repeated on different days as shown in Fig. 2.3. The 
measurements errors on absolute scale are also shown and in many cases the error is less 
than that represented by the height of the individual symbols. 
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Fig. 2.3 Measured intensities of atomic argon lines recorded on two different days. 
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2.1.1.1 Experimental uncertainty (error) for FTS analysis 
The purpose of this section is to understand of the correct treatment of experimental 
uncertainties (errors) for the Fourier Transform spectrometer data analysis. Prior to discuss 
the measurement of error in emission intensity and for intensity ratios, it is recalled that 
various photomultiplier tube detectors were used for different spectral regions 
(see Table 2.1) and the instrument response is different for spectral region and has not 
been taken into account. Therefore the values of emission intensity that I am plotting for 
lines such as in chapter 4 (see Fig. 4.2 & 4.3) are not accurate relative to those of a line at 
another wavelength. The trend for a particular line with changing oxygen concentration is 
reliable, but the actual values of emission intensities are not absolute relative to other lines.  
The error in measured emission intensity is equal to the reciprocal of SNR, i.e. Ar I 
763.511 nm line, is one of the most intense lines in the atomic argon spectrum, having 
SNR equal to 1100 in pure argon. The error in the measured emission intensity of Ar I 
763.511 nm line is ± 0.0009 and when it is converted back to standard scale by multiplying 
to measured intensity of Ar I 763.511 nm line, is called as absolute error. In most cases, I 
have selected those emission lines with significant higher SNR in pure argon. However in 
the case of Ar/O2 plasma, sets of several interferograms were co-added to compensate for 
the diminished signal to noise ratio particularly for analyte lines. As a result, the 
uncertainty in the measure of line intensity is greatly reduced.  
It is important to mention here that how to evaluate the uncertainties in something that 
depends on the measured values of two different quantities. For example, as I reported in 
the previous section that to investigate the excitation processes involved for individual 
energy levels, the observed line intensity ratios, IAr+O / IAr, for individual lines are plotted. 
In this case, the uncertainties in intensity ratios have been measured by the fraction errors 
add in quadrature such as: 
 
Uncertainty in ratio = [1/(SNR)
2
 + 1/(SNR)
2 
]
1/2
     (2.1) 
 
Again, the uncertainty in many of emission lines is somewhat higher, particularly for 
reactive analyte material, with added oxygen than that in pure argon case, and then the 
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final uncertainty in ratio will be higher. However, by co-adding the interferograms the 
uncertainties in emission lines are significantly reduced. 
 
2.1.2 The standard Grimm-type glow discharge source 
In the original source designed by W. Grimm [19] the diameter of the anode tube was 
8 mm and typical operating conditions were 800 V and 80 mA. In modern glow discharge 
instrumentation (see fig. 2.4) the inner anode diameters of the source available are 
typically 8, 4, and 1.0 mm; the results presented in this thesis were obtained using a 4 mm 
anode tube with 700 V and 20 mA, “standard” conditions for much analytical work. Anode 
tubes with different inner diameters allow different surface areas to be available for 
sputtering the cathode surface. For example, an anode tube with higher inner tube diameter 
will allow more sputtering and have different plasma conditions than a lower inner tube 
diameter of anode tube. The plasma parameters including pressure, current and voltage 
would be different for different inner anode diameters of the source and this can affect the 
results and excitation and ionisation processes. The discharge was operated in constant 
current - constant voltage mode, so the overall pressure had to be adjusted to maintain the 
required discharge voltage when a molecular gas was admixed. It is common practice to 
work with fixed voltage and current because extensive investigations have shown that 
pressure variations have substantially smaller effects on line intensities than the variations 
of the electrical parameters in the constant pressure mode [38].  
 
Fig. 2.4 Schematic diagram of the Grimm-type glow discharge source, reproduced from ref. [7] 
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In Fig. 2.4, the gaps between the outside of the anode tube and the cathode plate, and the 
sample are each ~0.2 mm, and are evacuated by pump 1, so that when a discharge is 
initiated, it is restricted to an area of the sample equal to the cross-sectional area of the 
anode tube and no discharge occurs on the outside of the anode tube. Pump 2 is used to 
regulate the main flow of gas. The sample acts as the cathode of a discharge in a low-
pressure gas, normally pure argon, and is bombarded, mainly by argon and fast argon 
atoms. Samples were cooled by closed circuit water cooling for stability. Materials from 
the cathode are sputtered into the discharge and ionized and/or excited in the discharge. 
The elements present and their concentrations are determined by optical emission 
spectrometry. This source has proved to be very convenient for the analysis of solid 
materials and for the depth profiling of surface layers [3]. 
 
2.1.3 Plasma gas 
The plasma gas was supplied to the source via a mixing system using three mass flow 
controllers (MKS Instruments, Inc.) with flow ranges 800, 200 and 20 sccm (standard 
cubic centimetre per minute). High purity (99.999) % Ar was mixed with 2.00 (±0.02) % 
Ar-O2 mixture to give oxygen concentrations ranging from 0.04 % to 0.8 % (±5%). The 
pressure was measured by a Baratron capacitance diaphragm gauge, (MKS Instruments, 
Inc.), with a pressure range up to 20 Torr, connected directly to the body of the glow 
discharge source. More details about the variations of the gas pressure during the 
experiments are given in the next chapters. Stainless steel tubing was used for all gas 
connections; even so, traces of OH bands were sometimes observed in the spectra even 
when using pure argon, and therefore a liquid nitrogen cooled trap was installed on the gas 
inlet line to remove any possible moisture from the gas.  
 
2.1.4  Samples used in glow discharge experiments 
The optical emission measurements were done on iron (purity 99.5 %), titanium (purity 
99.6 %) and copper (purity 99.5 %) (Goodfellow, Cambridge) samples with plates of 50 
mm square, thickness approximately 2 mm. In addition to the iron, titanium and copper 
samples, a calamine sample was also used as cathode material for the measurements. The 
calamine sample used in the measurements was provided by Arne Bengtson (Swerea 
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KIMAB AB, Stockholm). It had a thick (5 µm) oxide layer on hot-rolled steel oxidised at 
1200 
o
C, consisting of a mixture of Fe2O3, Fe3O4 and FeO. The average oxygen content in 
the calamine sample was a mass fraction of 25 %. Prior to measurements, samples were 
polished using a series of P80 to P1200 (200 µm to 15 µm grit size) abrasive papers, 
washed with water and then cleaned with ethanol and dried thoroughly with hot air to 
avoid any possible contamination present on the sample surface. 
 
2.1.5 Sputter rate measurements during GD-FTS measurements 
Sputter rate measurements were carried out with the same pure iron, titanium and copper 
plates as used for the FTS experiments. Various non-overlapping areas of the sample, 
circular and 4 mm in diameter, were sputtered for a defined time in the glow discharge 
source at constant current - constant voltage (20 mA or 40 mA, 700 V). After each 
replacement of the sample, no gas was admitted into the source until the pressure had 
fallen below 0.02 Torr in order to avoid any possible contamination from the atmospheric 
gases. 
 
Fig. 2.5 The samples used for the measurement of sputter rate in pure argon and various Ar/O2 gas 
mixtures. 
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Final evaluation of the sputter rates of iron at various concentrations of oxygen were 
undertaken by measuring the volume of craters on the sample surface using a Fries 
Research & Technology (FRT) optical depth profilometer (MicroProf) at the Leibniz-
Institut für Festkörper- und Werkstoffforschung (IFW) Dresden (Germany) by Dr. Denis 
Klemm and Varvara Efimova. The error in crater volume measurement was less than 10 % 
at oxygen concentrations less than 0.2 % v/v. However, at greater oxygen concentrations 
the samples were sputtered for longer time period but still in some cases, i.e. titanium and 
iron, crater depths were less than 10 μm and small irregularities on the sample surface led 
to larger errors, resulting in 20-50 % uncertainty in the crater volume measurements for 
0.8 % v/v oxygen concentration. This gives 20-50 % errors in the resulting derived sputter 
rates for oxygen concentration greater than 0.2 %v/v. The pictures of various samples 
showing the craters after the sputtering in pure argon and argon oxygen mixtures are 
shown in Fig. 2.5. The results for sputter rate measurements obtained using standard 
Grimm-type source at IC are discussed in detail in chapter 3. 
 
2.2 Glow discharge time-of-flight mass spectrometry studies at EMPA, Thun, 
Switzerland 
All the mass spectra generated in Ar and Ar/O2 plasmas were recorded using the glow 
discharge time of flight mass spectrometry (GD-ToF-MS) system at the Swiss Federal 
Laboratories for Materials Science & Technology EMPA, Thun. The details of the 
instrument, excitation source, plasma gas and samples used are given below and results of 
the influence of trace oxygen on the argon plasma using GD-ToF-MS are shown in 
chapter 5. 
 
2.2.1 Instrumentation 
The instrument is similar to that described by Hohl et al. [39] and combines a fast flow 
Grimm-type glow discharge source with an orthogonal extraction time-of-flight mass 
spectrometer [40] (Tofwerk AG) (see Fig. 2.6). The measurements presented in this study 
were carried out using a continuous dc discharge from a FUG MCP700-1250 high voltage 
power supply and a 4 kΩ, 40 W ballast resistor in series with the sample. Voltage and 
current measurements were made with the power supply‟s built-in meters and the real 
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discharge voltage was calculated by subtracting the voltage drop on the ballast resistor. 
Measurements were performed using constant voltage, constant current conditions. 
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Fig. 2.6 Schematic view of the glow discharge time-of-flight mass spectrometry apparatus (reproduced 
by permission of Peter Horvath from EMPA). 
 
2.2.2  The fast flow Grimm-type glow discharge source 
A commercial fast flow Grimm-type source (typically 150 sccm) was used at EMPA as 
excitation source. The gas flow was directed towards the sample and then towards the 
mass spectrometer sampling orifice. Samples were cooled to 4 
o
C by closed circuit water 
cooling for stability. The hollow anode tube defined the 4 mm diameter discharge region. 
The 20 mm long flow tube tapered from 3 mm to 2 mm inner diameter and guided the ions 
to the sampling orifice (see inset of figure 2.6.). Ions were sampled through a 100 µm 
sampling orifice and were focused through a second 1 mm aperture to reduce the pressure 
to 4×10
-6
 mbar in the drift region of the time of flight mass spectrometer during operation. 
Differential pumping was achieved by a 3-stage Pfeiffer SplitFlow TMH 261-250-030 PX 
turbomolecular pump. The glow discharge source was evacuated using a Varian SD-110 
dry scroll pump; a second scroll pump was used to back the turbomolecular pump. The 
base pressure (argon flow off) was below 1.6×10
-2
 mbar at the sample and below 7×10
-7
 
mbar in the ToF drift region.  
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The source pressure was measured downstream of the sample between the flow tube and 
the sampling orifice using a Pfeiffer TPR260 Pirani gauge. This Pirani gauge was 
calibrated for argon using the instrument‟s built-in Edwards APG-M-NW16 gauge that 
was factory-calibrated for argon. The pressure in the fast flow source was different at the 
sample and downstream, at the end of the flow tube, where we measured the pressure. 
Therefore, a pressure gauge was mounted in place of the sample and used to calibrate the 
two pressure readings. In the pressure range we used, the pressure at the sample was 
3.08±0.15 times higher than the pressure indicated by the pressure gauge downstream.  
The ToF extraction frequency was set to 30 KHz, giving a mass range of 320 Th (Thomas, 
symbol Th, unit of mass-to-charge ratio). 15000 consecutive ToF spectra were averaged to 
yield two complete mass spectra every second. Typical mass resolving power (R) of the 
instrument (R=m/∆m, where ∆m is the full width of a Gaussian peak fit at half maximum) 
was 3000 at mass 80. This resolution was sufficient to distinguish between elemental and 
molecular peaks (e,g. 
[28]
CO
+
 from 
[28]
Si
+
). Note that throughout in this thesis, I write the 
value of m/z of the ion in brackets in the preceeding superscript, where m/z is the ratio of 
the mass number of the whole ion to its charge number (the “mass to charge ratio”). As I 
will discuss only the most abundant isotopes, this will not cause confusion. Each 
measurement was mass calibrated using four of the peaks that were typically present in the 
mass spectrum of the materials used (
[12]
C
+
, 
[16]
O
+
, 
[32]
O2
+
, 
[40]
Ar
+
, 
[48]
Ti
+
, 
[56]
Fe
+
, 
[63]
Cu
+
, 
[80]
Ar2
+
 and 
[197]
Au
+
). Mass peak identification was accepted if the mass difference was less 
than 0.005 Th and the isotope pattern was matched (in particular in the case of Fe, Cu and 
Ti). Examples of the mass spectra can be seen in chapter 5. 
 
2.2.3 Plasma gas 
High purity argon (99.9999 %) and 2 % Ar-O2 mixture (2.00 % of 99.9995 % O2  and 
98.00 % of 99.9999 % Ar) were used from Carbagas, Gümligen, Switzerland as feed gas. 
The gases were mixed using three MKS 1479A mass flow controllers: one 500 sccm 
controller for pure argon and a 500 and a 10 sccm controller for the gas mixture (all 
calibrated for argon). The purpose-built electronic control system allowed us to change the 
total flow while keeping the O2:Ar mixing ratio constant within the 0.01–2 % (v/v) range. 
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2.2.4  Sputter rate measurements during GD-Tof-MS measurments 
During mass spectrometry measurements, a new region of the sample (“spot”on the 
cathode) for each oxygen concentration was used and the resulting sputtered crater depth 
was measured after the measurement using profilometer. First the O2:Ar ratio was set, then 
the discharge was ignited and the total flow was adjusted manually in order to adjust the 
source pressure and obtain the required current (usually 20 mA) and discharge 
voltage (700 V). Although the discharge parameters stabilised in less than 2 minutes, 
measurements were typically run for at least 5–10 minutes in order to get a crater deep 
enough for accurate sputter rate measurements. The average crater depth was determined 
from an X-Y scan (area-height) using an Altisurf 500 white light profilometer with 25x25 
µm resolution (more details on sputter rate measurements are given in chapter 3). The 
results from sputter rate measurements obtained during glow discharge time of flight mass 
spectrometry are discussed in detailed in chapter 5. 
 
2.3 GD-OES Depth profile measurements of calamine sample at IFW, Dresden, 
Germany  
For the optical emission spectrometry studies of oxide material, the GDA650 surface 
analyser at the IFW, Dresden was used. In order to compare the changes produced when 
oxygen gas is mixed with argon before entering the source, and when the oxygen comes 
from the sample itself, a calamine sample (see details in 2.3.4.) was sputtered in a pure 
argon plasma. After a short time the oxide layer was removed and the sample behaves as a 
pure iron sample. The entire spectrum must be recorded in seconds, therefore for this 
reason, the time resolved spectrochemical studies must be carried out with instrument 
capable of recording the spectra in very small time scale (in range of seconds). Details of 
the instrument, excitation source, optics and samples used in IFW are given below. 
  
2.3.1 Instrumentation 
Depth profiling of the calamine sample was carried out with GDA650 surface layer 
analyser manufactured by SPECTUMA Analytik GMBH. This instrument is supplied with 
a high-resolution glow discharge optical emission spectrometer, a newly developed glow 
discharge excitation source, special automatic cleaning function of anode tube of source 
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for maximum measuring precision and stability of source, and WinGDOES software. This 
instrument can be optionally equipped with a rf excitation source to analyse non-
conducting materials. 
 
2.3.2 Excitation source  
A commercial dc Grimm-type source, fully programmable in the range of up to 1500 V, 
and up to 250 mA, was used which allows use of anode diameters ranging between 1 mm 
and 8 mm with optimum stability and reproducibility. The results presented here were 
obtained using a 4 mm anode tube with 700 V and 20 mA. The discharge was operated in a 
constant current-constant voltage mode. In the case when an oxygen gas was admixed, the 
pressure had to be adjusted to maintain the required discharge parameters. The plasma gas 
was supplied to the source via a mixing system using four mass flow controllers 
(Bronkhorst High-Tech B.V.) with different flow ranges: 5, 50, 100, and 500 sccm. Various 
oxygen concentrations were obtained by mixing pure argon with pure oxygen. Stainless 
steel tubing was used in the system to avoid water vapour contamination in the gas. The 
pressure was measured by a capacitance diaphragm gauge, Baratron (MKS Instruments, 
Inc.), with a pressure range up to 100 mbar, connected directly to the body of the glow 
discharge source.   
 
2.3.3 Optics  
The spectrum of sputtered material is recorded using a high-performance charged-couple 
device (CCD) spectrometer, spectral range from 120 – 800 nm, with typical resolution 
20 pm. A set of CCD arrays were placed around the Rowland circle, with focal length of 
400 mm, of a concave grating with 2400 l/mm efficiency. Complete spectra can be 
recorded at time intervals of 1 sec. There are small gaps in the recorded spectrum where 
lines coincide with the space between the arrays. In this case for iron sample as cathode, 
some of the important Fe II  lines involved in asymmetric charge transfer with oxygen ions 
(see more details in chapter 4), such as 272.754 nm, 273.955nm, 274.320 nm, 274.932 
nm, 275.574 nm, possibly could not be recorded. 
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2.3.4 Sample  
The calamine sample with thick (3 μm) oxide layer on hot-rolled steel oxidised at 1200 oC 
consisting of a mixture of Fe2O3, Fe3O4 and FeO was used as cathode material for the 
depth profile measurements. The average oxygen content was a mass fraction of 25%. To 
compare the results from samples containing an oxide layer with controlled addition of 
small quantities of oxygen gas externally to argon gas, pure iron samples (99.5 %, 
Goodfellow) were used. Prior to measurements, pure iron samples were polished to 
remove any possible contamination of water vapour, oil or oxide layer formed on sample 
surface. 
The specifications and details of the instruments and experiments involved in this thesis 
have been discussed so far in this chapter. The results of these measurements will be 
discussed in next chapters. 
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Chapter 3 
 
Study of emission spectra of iron and argon glow discharge containing 
small quantities of oxygen 
 
3.1   Introduction 
This chapter discusses the results of studies using Fourier Transform Optical Emission 
Spectroscopy (FT-OES) to investigate the effects of added oxygen (0.04 - 0.8 % v/v) on 
observed spectra from a Grimm-type glow discharge, generated in argon plasma with a 
pure iron sample. It is reported and discussed how the atomic emission line intensities of 
both the sputtered material, iron in this case, and the argon carrier gas behave with 
controlled addition of oxygen. In order to gain an insight into the effect of oxygen addition 
(Ar/O2 glow discharge), results are compared with the cases [4] of Ar/H2 and Ar/N2. The 
results for ionic emission lines will be presented in chapter 4.  
Also, since the sample sputter rate affects the intensities of sample lines, controlled 
experiments investigating the change in sample sputter rate with the level of oxygen 
concentration in the glow discharge have been undertaken, and the resulting crater profiles 
have been measured and the results compared with those observed [4] with Ar/H2 and 
Ar/N2 mixtures. A detailed study of spectral line profiles showing changes in self-
absorption (light emitted in one region is partly absorbed in the passage through the 
plasma, the actual line profile is changed as a result of the lowering of maximum intensity) 
of Ar I lines due to oxygen and hydrogen traces will also be discussed. 
Previously published work [3-10] has shown that traces of hydrogen or nitrogen in the 
working gas (usually argon), introduced into the glow discharge as a molecular gas or as a 
constituent in the sample, can have a substantial effect on the electrical characteristics, on 
the sputter rate and on the spectrum emitted. Previous studies [22, 41] on oxygen as an 
impurity involved investigation of only one or two lines of each of a number of elements 
(the analytical lines frequently selected on a commercial GD-OES instrument and used in 
Fischer‟s paper [22], see Table 3.1). This limited number of emission lines can be used 
for providing data for empirical corrections for analytical work. However, a full 
 52 
understanding of the effects of trace molecular gases cannot be possible by investigation of 
only a limited number of spectral lines, as different lines of the same element may be 
affected in very different ways by a particular molecular gas. Therefore, in order to get a 
broad picture of the excitation and ionization processes, it is necessary that a large number 
of spectral lines are investigated. 
In this chapter, I have undertaken the first multi-line study for oxygen as an impurity in 
glow discharge spectrometry, using the high resolution vacuum UV (VUV) Fourier 
transform spectrometer (FTS) at Imperial College, London (IC). It allows several hundred 
spectral lines to be investigated, including lines of Ar I, Ar II, Fe I, Fe II  and O I. The 
changes produced by the added oxygen in the intensities of the oxygen, argon and iron 
atomic emission lines and in sample sputter rates are each discussed separately in this 
chapter.  
 
Table 3.1: Emission lines which were used previously by Fischer [22] for the study of the 
effect of oxygen addition to argon. 
Element Line notation Wavelength (nm) Excitation energy (eV) 
Aluminium 
 
Titanium 
Iron 
 
Nickel 
 
Copper 
Nitrogen 
Oxygen 
Argon 
Al (I) 
Al (I) 
Ti (I) 
Fe (I) 
Fe (II) 
Ni (I) 
Ni (II) 
Cu (I) 
N (I) 
O (I) 
Ar (I) 
396.152 
237.840 
365.350 
371.994 
249.318 
349.296 
225.389 
327.396 
174.272 
130.217 
426.629 
3.14 
5.22 
3.44 
3.33 
7.63 
3.66 
6.82 
7.72 
10.68 
9.52 
14.53 
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3.2  Behaviour of atomic oxygen emission lines in the glow discharge with argon 
and trace O2 
All the observed spectra, generated in an Ar/O2 discharge plasma with pure iron, include 
lines of the intense atomic oxygen O I 5S – 5P multiplet (777.194, 777.416 and 
777.538 nm). These lines, very close in wavelength, originate from upper energy levels 
lying around 10.740 eV [42]. No other atomic oxygen lines have been observed under 
these conditions. The other group of strong atomic oxygen lines (130.0 – 131.0 nm) 
frequently used for analytical purposes lie in the VUV spectral region just below the lower 
wavelength limit (135 nm) of the range of the IC VUV FTS, and would also be subject to 
molecular absorption by the added oxygen in the source. This group of strong atomic 
oxygen lines are measured using the GDA650 surface layer analyser at IFW and will be 
discussed in detail in chapter 6. 
In a modelling study on Ar/O2 glow discharge [32] Bogaerts has recently predicted the 
presence of a significant concentration of O (3P) ground state atoms, about two orders of 
magnitude lower than that of O2 (X) ground state molecules. The dissociation of oxygen 
molecules by argon metastable atoms, Arm* [43-46], and electron impact dissociation [47] 
are dominant production processes of the O (3P) atoms in Ar/O2 glow discharge such as: 
 
Arm (
2
P3/2, 
2
P1/2)  +  O2 (X) →  Aro
 
 +  O (
3
P)  +  O* (
1
D2, 
1
S0)   (3.1) 
e- + O2 (X) → e- + O (
3
P) + O (
3
P)       (3.2) 
 
where Arm represents the metastable atoms with 
2
P3/2, 11.548 and 
2
P1/2, 11.723 eV energy 
levels, and Aro is the ground state of the argon atom.  
Emission line intensity ratios of observed O I lines as a function of oxygen concentration 
are shown in Fig. 3.1. The emission intensities of these three O I lines increase as the 
oxygen concentration in the plasma gas increases as expected, however, the change 
becoming non-linear at higher oxygen concentrations. The non-linearity in emission 
intensities could be partly due to self-absorption but I have confirmed by investigating the 
line profiles of the O I lines (777.194, 777.416 and 777.538 nm) and that the profiles of 
these lines do not show this effect. In addition the line strengths and therefore, the 
absorption coefficients differ by a factor of more than two, so any self-absorption would 
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affect lines by differing amounts and can therefore be ruled out. The other possible 
explanation is a decrease in the degree of dissociation for higher oxygen concentrations as 
predicted by Bogaerts [32].  
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Fig. 3.1 Plots of the emission intensities of oxygen atomic lines, 777.194 nm, 777.416 nm and 
777.538 nm, as a function of oxygen concentration, normalised to intensities measured with 0.80 % v/v 
oxygen addition. Note: the errors (noise to signal ratios) in intensity ratios are smaller than the height 
of the symbols, therefore, not included in the plot.  
 
3.2.1  Comparison of behaviour of atomic oxygen emission lines with the behaviour of 
emission lines of other trace gases (N I & H I) in glow discharges 
In order to get an insight into the behaviour of atomic oxygen emission lines with the 
increase of oxygen concentrations, results are compared with the behaviour of emission 
lines of other traces gases in glow discharges with argon. It was noticed that similar results 
showing non-linear behaviour in emission lines of N I and H I at higher trace gas 
concentrations, have been reported. Šmíd et al. [26] investigated the effect of nitrogen on 
Grimm-type glow discharges by using the high resolution Imperial College Fourier 
transfer spectrometer. All of the observed N I lines exhibited non-linear behaviour in 
emission intensities above ~ 0.15 % v/v concentration, and Šmíd et al. suggest that 
changes in the degree of dissociation of nitrogen are responsible. In the case of hydrogen, 
Hodoroaba et al. [5] and Steers et al. [7] reported a non-linear intensity increase of atomic 
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hydrogen lines (486 nm and 656 nm) at higher H2 concentrations. Thus, the behaviour of 
atomic oxygen emission lines presented here is in agreement with results for hydrogen and 
nitrogen molecular gases previously published. It is therefore concluded that the non-linear 
increase of emission intensity of trace gas lines (O I, N I & H I) at higher molecular gas 
concentrations in argon glow discharges is due to a decrease in the degree of dissociation 
for trace molecular gases due to quenching of argon metastables atoms. The comparison of 
behaviour of atomic oxygen lines in argon/oxygen glow discharge with neon/oxygen glow 
discharges will be presented in chapter 4. 
 
3.3  Behaviour of atomic argon emission lines in glow discharge with argon and 
trace O2: intensities and line profiles 
Prior to a detailed discussion of the differing behaviours of intensity ratios with oxygen 
and hydrogen addition investigated, it is useful to discuss changes in observed line profiles 
with trace gas concentration for some emission lines affected by self-absorption. It is 
important to discuss because argon contains two metastable levels, Arm (
2
P3/2, 11.548 and 
2
P1/2, 11.780 eV), and it is likely that the change in behaviour of atomic argon emission 
lines in Ar/O2 and Ar/H2 glow discharges could be due to changes in self-absorption (see 
Fig. 3.2).  
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Fig. 3.2 Example of line profiles of (a) Ar I 763.511 nm, showing self-absorption and (b) Ar I 800.616 
nm for various O2 concentrations. Discharge conditions were 700 V, 20 mA for a 4 mm anode tube 
diameter. 
 56 
In order to show that the emission lines can be affected by self-absorption, examples of 
line profiles of two different argon atomic lines with the same upper energy level, 13.172 
eV are shown. The changes in the observed profiles of the Ar I 763.511 nm line (one of the 
most intense lines in the atomic argon spectrum) when oxygen is added to the plasma gas 
is shown in Fig. 3.2a illustrating the large decrease in observed intensity produced by self-
absorption. By contrast, the profiles of the Ar I 800.616 nm line (Fig. 3.2b) reveal no 
absorption effects. To demonstrate the changes in profile more clearly, Fig. 3.3 shows the 
normalised profiles of the 811.531 nm, 842.465 nm and 763.511 nm lines (4s-4p 
transitions) with the addition of trace oxygen and hydrogen, changes in self-absorption and 
self-reversal being clearly seen. 
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Fig. 3.3 Examples of normalised line profiles of argon lines: (a) 811.531 nm, (b) 842.465 nm and (c) 
763.511 nm, showing self-absorption (in some cases self-reversal) for various O2 and H2 concentrations 
in Ar GD. Discharge conditions were 700 V, 20 mA for a 4 mm anode tube diameter. Note that slightly 
different resolutions were used for the experiments with oxygen (0.036 cm
-1
) and hydrogen (0.033 cm
-
1
). “Ringing” is seen on either side of the line profile, as a result of insufficient resolution at these long 
wavelengths. 
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The changes in the Ar I line profiles with the trace gas addition are clearly due to self-
absorption. Actually for these Ar I line (811.531, 842.465 and 763.511 nm), self-
absorption occurs due to the partly absorption of light by argon metastable levels in the 
passage through the plasma. Therefore, the actual line profile of an argon atomic line that 
is a transition to metastable level is changed as a result of the lowering of maximum 
intensity. However, reduction in self-absorption occurs with increasing concentration of 
oxygen and hydrogen in the argon plasma. These changes may be a result of quenching the 
population of the argon metastable level, Arm (
2
P3/2, 
2
P1/2), or the loss of the electrons 
which are responsible for the excitation of these levels. For example, the population of 
argon metastable levels is known to be quenched by the addition of oxygen to pure argon 
due to dissociative excitation energy transfer into lower lying oxygen atoms [43-46] as: 
 
Arm (
2
P3/2, 
2
P1/2)  +  O2 (X) →  Aro
 
 +  O (
3
P)  +  O* (
1
D2, 
1
S0)   (3.1) 
(Quenching of argon metastable atoms by dissociation of oxygen molecule) 
 
The loss of electrons in the Ar/O2 mixture may occur by dissociative recombination with 
O2
+
 [47], dissociative attachment of O2 [32], or electrons may lose their energy by inelastic 
collisions with oxygen molecules [48, 49].  
 
e- + O2
+
 → O (3P) + O (3P) (dissociative excitation of oxygen molecule ion)  (3.3) 
e- + O2
+
 → O (3P) + O (1D) (dissociative recombination of oxygen molecule ion) (3.4) 
e- + O2 → O
-
 + O  (dissociative attachment of oxygen molecule)  (3.5) 
e- + O2 → e- + O2  (momentum transfer with oxygen molecule)  (3.6) 
e- + O2 → 2e- + O2
+
   (ionization of oxygen molecule)    (3.7) 
 
Šmíd et al. [26] also reported a change in self-absorption for the Ar I 811.531 nm line on 
the addition of nitrogen in argon using 40 mA, 700 V discharge conditions with an 8 mm 
anode. Comparing the cases of oxygen, hydrogen and nitrogen trace molecular gas 
addition, the overall trend for self-absorption is similar, although it appears that changes in 
self-absorption, by quenching of Arm
*
, due to O2 are much more significant than those due 
to N2. Moreover, the results presented here are in agreement with modelling studies by 
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Bogaerts where more pronounced quenching of Arm
*
 due to oxygen addition has been 
reported
 
[32] than for the case of nitrogen [31]. 
Having discussed the effect of oxygen and hydrogen traces on Ar I line shapes, the 
behaviour of the Ar I emission lines with molecular gas addition can now be discussed in 
detail. The intensity ratios for 29 atomic argon emission lines (300-900 nm), involving 
transitions from 4p and 5p energy levels (see Fig. 3.4a), are plotted against excitation 
energy of the upper level of the transition in Fig. 3.4(b) in order to investigate the changes 
in line intensities by 0.04 % v/v O2 addition. 
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Fig. 3.4 (a): Partial energy-level diagram for atomic argon, (b) Intensity ratios for argon atomic lines 
measured in Ar + 0.04 % v/v O2 and pure Ar as a function of their excitation energy for 700 V and 
20 mA. 
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There are two groups of data points seen in Fig. 3.4, representing lines with excitation 
energy ~13.0-13.5 eV and ~14.4-14.8 eV. The 4s-4p transitions, in spectral region 700-
900 nm, are the most intense of the observed Ar I lines with observed signal to noise ratio 
greater than 300 in pure argon. The errors in the intensity ratios for the Ar I 4s-4p 
transitions, are smaller than the height of symbol in most case. On the other hand, the 4s-
5p transitions in spectral region 390-440 nm, are relatively weak compared to the 4s-4p 
transitions [11], and thus have higher errors in intensity ratios due to lower signal-to-noise 
ratio in the observed spectra. Details of all the atomic argon emission lines presented in 
this chapter with details of the wavelength, transitions and approximate relative intensities 
as recorded are given in appendix A.  
For a more detailed look into the processes occurring, the intensity ratios of selected argon 
atomic lines from differing excitation energy ranges for various O2 concentrations and 
their comparison with newly measured intensity ratios for the same set of lines with an 
Ar/H2 mixture are presented in Fig. 3.5 and Fig. 3.6. For both, Ar/O2 and Ar/H2 mixtures, 
the same electrical parameters were used, the changes in total gas pressure with 
progressive addition of oxygen and hydrogen into the argon plasma are given in Table 3.2. 
Details of the Ar I transitions are given in Table 3.3. 
 
Table 3.2: Gas pressure during the experiments in Ar/O2 and Ar/H2 with iron samples at constant dc 
electrical parameters (20 mA and 700 V) in glow discharge. 
Ar/O2  Ar/H2  
O2  Concentration 
(% v/v), ± 5 %  
 
0 
0.04 
0.08 
0.20 
0.40 
0.80 
Total gas pressure 
(Torr) ± 0.02 
 
5.96 
5.92 
5.80 
5.84 
5.82 
6.10 
H2  Concentration 
(% v/v) ± 5 % 
 
0 
0.04 
0.08 
0.20 
0.40 
0.80 
Total gas pressure 
(Torr) ± 0.02 
 
6.42 
6.90 
7.40 
7.68 
8.04 
8.10 
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Fig. 3.5 Intensity ratios of selected argon atomic lines (excitation energy ~ 13.0 - 13.5 eV) measured at 
700 V and 20 mA against various oxygen and hydrogen concentrations. 
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Fig. 3.6 Intensity ratios of selected argon atomic lines (excitation energy ~14.4 – 14.8 eV) measured at 
700 V and 20 mA plotted against various oxygen and hydrogen concentrations. 
 
In general, the excitation processes responsible for populating the Ar I upper levels vary in 
different locations in the plasma [28, 50]. The presence of oxygen may affect excitation 
processes by altering the number density and spatial distribution of electrons, argon ions 
and argon metastables and the population of excited levels of argon [32]. Also, reduction 
in self-absorption with the addition of oxygen, discussed earlier in this section, is 
responsible for significant changes in observed intensity ratio of Ar I emission lines.  
In the case of Ar/O2 mixtures, the majority of the intensity ratios for argon atomic lines 
within the excitation energy range ~13.0-13.5 eV are observed to increase with the 
addition of a very low oxygen concentration 0.04 % v/v. At the same time, the overall 
pressure had to be decreased slightly (see Table 3.2) to maintain the voltage and current at 
the constant values. At higher oxygen concentrations, several features can be seen. A clear 
increasing trend is apparent in the intensity ratios of the Ar I lines 811.531 nm, 
801.479 nm and 842.465 nm (excitation energy between 13.0-13.1 eV) with increasing O2 
concentration. For the Ar I lines 763.511 nm and 800.616 nm differing behaviour is 
observed. These two transitions originate from the same upper energy level, 13.172 eV; 
however, the lower energy level of the 763.511 nm transition is metastable. The drop in 
intensity ratio with increasing added oxygen concentration for the 800.616 nm line shows 
that the population of the upper level must be reduced, however, for the 763.511 nm 
transition (Fig. 3.2a) this effect appears to be masked by the reduction in self-absorption 
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caused by the added oxygen as discussed earlier, giving a net increase in intensity ratio. 
Both Ar I lines 801.479 nm and 842.465 nm, originating from the same upper energy level 
13.095 eV, show an increase in intensity ratios, even though the lower energy level of Ar I 
842.465 nm is not a metastable. 
 
Table 3.3:  The Ar I emission lines discussed in this chapter with details of the transitions (from [51] 
[52]) and approximate relative intensities as recorded in this work. 
 
 
λ/nm 
 
 
 Iline
* 
 
Lower 
energy 
/eV 
 
Upper 
energy 
/eV 
 
Configurations 
 
 
Terms 
 
 
 
Ji-Jk
**
 
 
 
A
***
 
(10
6
 s
-1
) Lower Upper 
811.531 M 11.548 13.076 3s
2
3p
5
(
2
P3/2)4s 3s
2
3p
5
(
2
P3/2)4p 
2
[3/2]
o
- 
2
[5/2] 2 – 3 33.1 
801.479 M 11.548 13.095 3s
2
3p
5
(
2
P3/2)4s 3s
2
3p
5
(
2
P3/2)4p 
2
[3/2]
o
- 
2
[5/2] 2 – 2 9.28 
842.465 W 11.624 13.095 3s
2
3p
5
(
2
P3/2)4s 3s
2
3p
5
(
2
P3/2)4p 
2
[3/2]
o
- 
2
[5/2] 1 – 2 21.5 
763.511 S 11.548 13.172 3s
2
3p
5
(
2
P3/2)4s 3s
2
3p
5
(
2
P3/2)4p 
2
[3/2]
o
- 
2
[3/2] 2 – 2 24.5 
800.616 M 11.624 13.172 3s
2
3p
5
(
2
P3/2)4s 3s
2
3p
5
(
2
P3/2)4p 
2
[3/2]
o
- 
2
[3/2] 1 – 2 4.90 
751.465 S 11.624 13.273 3s
2
3p
5
(
2
P3/2)4s 3s
2
3p
5
(
2
P3/2)4p 
2
[3/2]
o
- 
2
[1/2] 1 – 0 40.2 
714.704 M 11.548 13.283 3s
2
3p
5
(
2
P3/2)4s 3s
2
3p
5
(
2
P1/2)4p 
2
[3/2]
o
- 
2
[3/2] 2 – 1 0.62 
727.294 M 11.624 13.328 3s
2
3p
5
(
2
P3/2)4s 3s
2
3p
5
(
2
P1/2)4p 
2
[3/2]
o
- 
2
[1/2] 1 – 1 1.83 
750.387 VS 11.828 13.479 3s
2
3p
5
(
2
P1/2)4s 3s
2
3p
5
(
2
P1/2)4p 
2
[1/2]
o
- 
2
[1/2] 1 – 0 44.5 
420.068 M 11.548 14.499 3s
2
3p
5
(
2
P3/2)4s 3s
2
3p
5
(
2
P3/2)5p 
2
[3/2]
o
-
2
[5/2] 2 – 3 0.93 
415.859 M 11.548 14.529 3s
2
3p
5
(
2
P3/2)4s 3s
2
3p
5
(
2
P3/2)5p 
2
[3/2]
o
-
2
[3/2] 2 – 2 1.40 
433.356 W 11.828 14.688 3s
2
3p
5
(
2
P1/2)4s 3s
2
3p
5
(
2
P1/2)5p 
2
[1/2]
o
-
2
[3/2] 1 – 2 0.55 
 
Note: The metastable level: 3s
2
3p
5
(
2
P3/2)4s (11.548 eV) is  indicated by bold numbers 
*
 Iline is the observed line intensity; VS= very strong; S= strong; M= medium and W= weak. 
**
 k is for upper state and i is the lower state 
***
 A is the transition probability [52] 
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This can be understood by considering that the transition probability (see Table 3.3) of the 
842.465 nm line is significantly higher than that of 801.479 nm, and thus the 842.465 nm 
line is more affected by the reduction of self-absorption with increase in oxygen 
concentration, contributing to the enhancement of its intensity (see Fig. 3.3 and Fig. 3.5). 
However, for the 714.704 nm and 727.294 nm Ar I lines (with excitation energy in range 
13.28-13.40 eV) the intensity ratios decrease with increasing O2 concentration. It can be 
seen from Fig 3.4(b) that the intensity ratios of all the lines corresponding to transitions 
from 5p levels, decrease with increasing O2 concentration at a much higher rate than those 
of lines from 4p levels. It is likely that 5p levels are excited by the electrons, and with the 
addition of oxygen these electrons lost their energy as the result of inelastic collision with 
oxygen molecules. Intensity ratios of some arbitrarily selected example Ar I emission 
lines, with 4s-4p transitions, against oxygen concentration are shown in Fig. 3.6. 
In the case of an Ar/H2 mixture the intensity ratios of the Ar I lines initially decrease at 
lowest H2 concentration of 0.04 % v/v. This decrease becomes less pronounced at H2 
concentrations above 0.2 % v/v, for most observed Ar I lines even a slight increase of 
intensity ratio with higher H2 concentrations could be seen. From Figs. 3.5 and 3.6 one 
sees that the effect of oxygen addition on intensity ratios of emission lines is much more 
varied than in the case of hydrogen addition. On hydrogen addition all observed lines (see 
Fig. 3.5 & 3.6) behave in approximately similar ways independent of their excitation 
energy. One of the possible explanations for the differing behaviour of intensity ratios in 
Ar/O2 and Ar/H2 mixtures could be significantly higher pressure in the case of hydrogen 
addition. The increase in pressure needed to maintain constant electrical parameters with 
progressive addition of hydrogen (see Table 3.2) is more than that needed for oxygen and 
this may well affect the excitation and ionization processes. In this chapter, I present the 
results of experimental studies to investigate the effects of added O2 on the observed 
spectra of iron. In order to further details about the behaviour of Ar I lines, a 
comprehensive study to elucidate the effect of trace molecular gases (O2 & H2) on argon 
based glow discharge plasmas using various elements is presented in chapter seven.  
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3.4  Results of sputter rate measurements 
Prior to discussions about the results and effects on the sputter rate of trace molecular gas 
addition in argon glow discharges, it will be helpful to describe briefly the sputter rate and 
methods to measure the sputter rate. The „sputter rate‟ expresses the rate at which the 
analyte material (sample) is removed by the bombardment of ions in glow discharge 
plasma. In analytical glow discharge optical emission spectrometry, the sputter rate 
depends on the analyte material and the plasma conditions, mainly current and voltage, and 
commonly expressed in mass per time unit [1]. There are two methods which are 
commonly used to determine the sputter rates [1, 53] by measuring: 
- the volume of the sputter crater after a given sputter time 
- the thin films of known thickness 
In this chapter, I will discuss only the first method (measure of the volume of sputter crater 
of pure samples) for the measurement of sputter rate. The details of the second method for 
sputter rate measurements using the thin films of known thickness of calamine sample will 
be discussed in chapter 6.  
For sputter rate measurements by determination of the volume crater, the sputter volume is 
measured directly from the width and the depth of the crater using the optical depth 
profilometry. Initially a sample is sputtered by the bombardment of ions in glow discharge 
and then for a cylindrical anode, the sputtered volume „V‟ will be equal to  
V =Ad = πr2d          (3.8) 
where „A‟ is the crater area, „r‟ is the radius and „d‟ is the average crater depth. 
V/s = erosion rate          (3.9) 
The mass per second eroded is therefore given by: 
M/s = ρ . V/s = A . d / s         (3.10) 
where, „M‟ is the mass and (M/s) is the sputter rate and „ρ‟ is the density. A full crater of 
pure iron sample sputtered in pure argon plasma is shown in Fig. 3.7. In order to determine 
the average depth of the crater shown, the area inside (green), which is sputtered by the 
bombardment of plasma ions, and outside (red) the crater, is identified by using the 
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profilometer (see in Fig. 3.7). Then, the difference in height for the two regions (green & 
red), measured using the profilometer software, gives the average depth of the crater.  
 
Fig. 3.7 Example of the sputtered crater form on a pure iron sample in a pure argon plasma, recorded 
using a Fries Research & Technology (FRT) optical depth profilometer (MicroProf) at the Leibniz-
Institut für Festkörper- und Werkstoffforschung (IFW) Dresden, Germany. 
 
The crater depths of the sample material for the measurement of the sputter rate can also 
be calculated from the two dimensional scan across the crater. The same crater of pure iron 
sample sputtered in pure argon, as seen in Fig. 3.7, is shown in Fig. 3.8 in two dimensions. 
In both ways, either by using the difference in height of regions of sputtered crater and 
sample surface or by dimensional scan, similar values of crater depth of sample are 
obtained. More details on the sputter rate measurements can be found in ref. [53]. 
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Fig. 3.8 2D scan of the same crater as shown in Fig. 3.7 of pure iron sample sputtered in pure argon. 
The scan was recorded using a Fries Research & Technology (FRT) optical depth profilometer 
(MicroProf) at the Leibniz-Institut für Festkörper- und Werkstoffforschung (IFW) Dresden, Germany. 
In order to reduce the uncertainties in measurements of crater depth, it is preferable to 
polish the surface of the sample material prior to measurements and allow sputtering of 
sample for a reasonable time to have a deep crater. If the sample has polished surface then 
it is comparatively easy to identify the eroded area from the refined surface of the sample 
which helps in evaluation of crater depth. In order to have deep crater for iron samples in 
pure argon gas, I have sputtered the iron sample for 10-15 minutes. However, for the 
addition of oxygen in argon, particularly for oxygen concentration greater than 0.20 %v/v, 
the samples are allowed to sputter for more than one hour to have measurable crater depth. 
In the evaluation of crater depth, it is favourable if craters have a depth of between 10-50 
μm. If the depth of craters is less than the 10 μm, then small irregularities on the sample 
surface can cause bigger errors at the evaluation of crater depth. In this case, when the 
crater depth is less than the 10 μm, it is sensible to repeat the measurements and have 
average of the crater depth.   
  
3.5  Effect on the sputter rate of trace molecular gas addition to argon glow 
discharge  
Having discussed the method to measure the sample sputter rate of sample, the changes in 
sputter rate with molecular gas addition can now be discussed in detail.  Šmíd et al. 
measured the sputter rate of iron and titanium as a function of hydrogen and nitrogen 
concentration at 700 V, 40 mA in an 8 mm anode tube in an argon glow discharge [4]. 
They observed that the sputter rate decreases with increasing concentration of hydrogen 
and nitrogen molecular gases in glow discharge. In our study, controlled experiments 
investigating the change in iron (sample) sputter rate with level of O2 concentration in the 
glow discharge have been undertaken, and the resulting crater profiles were used to 
measure sputter rate. These measured sputter rates were normalised to those obtained in 
pure argon (Fig. 3.9(a)) and compared with normalised sputter rates for iron in Ar/H2 and 
Ar/N2 (Fig. 3.9(b)) reproduced from Šmíd et al. [4]. 
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Fig. 3.9 Normalised sputter rate for iron as a function of the molecular gas concentration: (a) O2 
addition, at (●) 700 V, 20 mA (○) 700 V, 40 mA and (□) 700 V, 60 mA in 4 mm anode tube; (b) H2 (■) 
and N2 (∆) addition, at 700 V, 40 mA in 8 mm anode tube, reproduced from ref [4]. It should be noted 
that because of scaling used in Fig. 3.9 (a) at low sputter rate even the large uncertainty of ~50 % gives 
error bars smaller than symbols. 
 
From Fig. 3.9 it is clear that the sputter rate of iron decreases very significantly with 
increasing O2 concentration, even at very low O2 concentrations of 0.04 % v/v and 
0.10 % v/v, much more than in the case of increasing H2 and N2 concentration. This effect 
can be attributed to the formation of an oxide layer on the cathode surface due to the 
bombardment of oxygen species. This “poisoning” of the cathode surface is also well 
known in reactive magnetron sputtering [4, 32]. Similarly a sudden drop in the sputter rate 
was observed in the case of titanium when sputtered in Ar/N2 [4], probably due to 
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poisoning of the titanium surface and formation of titanium nitrides. Sputter rate 
measurements for iron samples at higher oxygen concentrations show no further decrease, 
so it appears that the formation of the oxide layer is complete.  
Furthermore, during experiments it was observed that in the case of pure argon the eroded 
area of the cathode appeared whitish with a silver sheen, however, with Ar/O2 mixtures the 
area seemed to be covered with a brown powder. This indicates the formation of an iron 
oxide as a thin surface layer on the cathode (iron sample) as expected. 
An important result obtained in my sputter rate measurements is that the sputter rate for a 
given Ar/O2 gas mixture appears not to be always proportional to the glow discharge 
current, the usual assumption for glow discharge spectrometry. This is described by 
Boumans equation [53]: 
q = Cq I (V - Vo) 
where  „q‟ is the sputter rate, „Cq‟ is a sputtering constant which may vary with the plasma 
gas but not with current, potential or pressure in the source, I is the current and Vo is the 
turn-on voltage which is typically 400 V in dc opertation. 
If the voltage remains constant, the sputter rate should be proportional to current. 
However, in studies on the effect of a small addition of oxygen, with an iron sample and 
argon gas, a different trend is observed (Fig. 3.9(a)) probably due to “poisoning” of the 
cathode surface, i.e. a different material is being sputtered rather than a breakdown in 
Boumans equation. This effect is more pronounced for titanium samples than the iron 
sample, see Fig. 3.10, where results of sputter rate measurements for 700 V, 20 & 40 mA 
with various oxygen concentrations are shown. This again emphasizes that the “poisoning” 
of the cathode occurs with the addition of oxygen in argon and under these conditions, the 
sputter rate is not proportional to current. Therefore, it is informed to analytical glow 
discharge users, the changed surface means that this does not imply a breakdown of the 
Boumans equation; however, users should be aware that under these conditions, the sputter 
rate is not proportional to current.  
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Fig. 3.10 Normalised sputter rate for titanium as a function of oxygen addition, at (○) 700 V, 20 mA 
and (●) 700 V, 40 mA in 4 mm anode tube. 
 
3.6  Behaviour of Fe I emission lines in glow discharge with addition of O2 traces 
67 iron atomic emission lines are used to investigate the effect of oxygen addition on 
sample emission lines and are presented in Fig. 3.11. 
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Fig. 3.11 Intensity ratios of 67 Fe I lines as a function of their excitation energy for 700 V and 20 mA 
(anode tube dia. 4 mm) for two oxygen concentrations (0.04 and 0.10 % v/v). 
 
Since the presence of oxygen reduces the sputter rate, a large part of the fall in the Fe I line 
intensity ratios with O2 addition is caused by the decrease in the iron atom population in 
 71 
the plasma, leading to a decrease in the observed intensity of Fe I emission lines. The more 
oxygen is added to discharge gas, the smaller the measured intensity ratios.  
The rapid decrease in the sputter rate with increasing oxygen concentration makes a 
detailed study of the effect of oxygen on the population of upper energy levels of a large 
number of Fe I transitions complicated. For example, with the addition of oxygen in argon 
gas with iron sample, all the iron atomic and ionic emission lines become weaker due to 
the decrease in sputter rate. Then in this case, a study with weak iron atomic and ionic 
lines to investigate of any trend or change in the behaviour of emission lines in glow 
discharge with the addition of oxygen would not be reliable. Therefore, it is necessary to 
keep in mind the changes in sputter rates when considering intensity changes for different 
oxygen concentrations. Line intensities can be corrected for sputter rate changes, by 
dividing the intensity by the sputter rate and concentration of analyte in the matrix [100 % 
in this case], giving a quantity known as emission yield (EY), which, if used instead of the 
measured intensity, gives a more realistic picture of differences in excitation processes.  
More details about emission yields in glow discharge optical emission spectrometry are 
given by Weiss [54]. 
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Fig. 3.12 Emission yield ratios of Fe I lines as a function of their excitation energy for 700 V and 20 mA 
for (a) 0.04 (b) 0.10 and (c) 0.20 % v/v oxygen concentrations. Errors in the measured sputtered rate 
(less than 10%) will affect all points in the same way. 
 
In Fig. 3.12, the emission yield ratios of iron atomic emission lines are plotted against the 
upper level excitation energies, for three different oxygen concentrations. Here EYAr+O2 is 
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the relative intensity of a particular line corrected for sputter rate in an Ar/O2 mixture, and 
EYAr is the intensity of the same line corrected for sputter rate in pure argon. Intensity 
ratios are decreased due to reduced sputter rate by progressive addition of oxygen 
(Fig. 3.11) but, after correcting for sputter rate, some emission yield ratios show a slight 
increase (Fig. 3.12) which can be explained by enhanced excitation (increase in plasma 
excitation and ionisation processes resulting in increase in populations in upper energy 
levels, for more details see Fig. 4.5 & 4.7) when oxygen is added in pure argon. The 
results shown in Fig. 3.12(c) were obtained with higher oxygen concentration than used in 
Fig. 3.12 (b) & (c) and therefore the effect of the excitation enhancement is more 
pronounced and the differences between the various levels become greater. The overall 
variation in the emission yield ratio with upper level excitation energy indicates that 
different excitation processes, such as electron impact, fast argon ion and atom impact 
excitation, in different areas of the glow, responsible for populating the upper levels, are 
affected by the addition of oxygen.  
 
Table 3.4 The Fe I emission lines discussed in this chapter with details of the transitions (from [4],[55-
57]) and approximate relative intensities as recorded. 
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 Iline  is the observed line intensity: S= strong; M= medium and W= weak. 
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 k is for upper state and i is for lower state 
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 A is the transition probability [57] 
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Fig. 3.13 Plots of emission yield ratio against (a) O2 and (b) H2 concentration for 700 V and 20 mA for 
selected Fe I lines: ■ Fe I 385.991 nm, 3.211 eV, ○ Fe I 371.993 nm, 3.332 eV, ∆ Fe I 382.782 nm, 
4.795 eV, ▼ Fe I 248.327 nm, 4.991 eV, ● Fe I 281.329 nm, 5.320 eV, □ Fe I 355.493 nm, 6.320 eV. 
Note: The low sputter rate at O2 concentrations greater than 0.20 % v/v gives rise to an error of ~20-
50 % in the absolute value of the EY ratio; although this will not affect the differences in the 
behaviour shown by various spectral lines for the same O2 concentration, this error should be borne in 
mind when comparing EYs for the lines at different O2 concentrations.  
 
As was done for argon atomic emission lines, all iron atomic line profiles have been 
investigated for a discharge in pure argon and different Ar/O2 mixtures in order to observe 
how any changes in behaviour of Fe I lines may be affected by self-absorption. Self-
reversal was only observed for the Fe I 248.327 nm line and this was reduced by the 
progressive addition of oxygen in argon glow discharge. The transition probability of the 
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Fe I 248.327 nm emission line is considerably higher than that of the other selected Fe I 
emission lines presented in Table 3.4. The details of all the atomic iron lines used in this 
chapter are presented in appendix C. The Fe I 248.327 nm line is one of the intense 
emission lines in the iron spectrum and should be avoided for any analytical applications 
or the study of plasma characterisation because in the presence of trace molecular gases 
(O2 & H2) it would be affected by self-absorption, and hence lead to a wrong interpretation 
of analytical results. 
In Fig. 3.13 emission yield ratios of selected iron atomic lines are plotted, showing the 
effects of oxygen and hydrogen addition on the excitation processes for various upper 
energy levels. The Fe I lines have been selected so that a wide range of differing excitation 
energies is investigated, (see Fig 3.12). As noted previously, for oxygen concentration 
≥ 0.20 % v/v the absolute value of the sputter rate and therefore emission yield is subject 
to a large error (20-50 %), however, since the same sputter rate is used for all lines for a 
particular oxygen concentration, the differences in behaviour of the lines for the given 
oxygen concentration is not subject to this error. Details of all the selected lines are given 
in Table 3.4. 
The intensity of the Fe I 281.329 nm line is strongly enhanced in the presence of oxygen. 
Šmíd et al. [4] earlier reported that similar effects occurred for this line in Ar/H2 mixtures 
whereas no such effect was observed for Ar/N2. Also atomic titanium lines with upper 
energies ~5.3 eV did not show a similar marked effect in Ar/H2 mixtures. I have carried 
out new measurements (Fig. 3.13b) and confirm the effect with Ar/H2 for iron samples. 
Martin et al. [27] have also observed huge increases in emission yield ratios of certain 
lines (Ni I 231.10 nm, 5.36 eV & Zn I 213.86 nm, 5.79 eV) with the addition of hydrogen 
concentrations (0.5 %, 1% and 10 % v/v). They suggested that the possible decrease of the 
self-absorption due to hydrogen addition could be related to increase in emission yield of 
analyte lines. 
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Fig. 3.14 Example of line profiles of (a) Fe I  281.329 nm, showing decrease in intensity due to decrease 
in sputter rate and (b) Fe I  281.329 nm, showing oxygen effect for various O2 concentrations after 
correcting by change in sputter rate. Discharge conditions were 700 V, 40 mA for a 4 mm anode tube 
diameter. Note: sets of 8 interferograms were co-added for the discharge with added oxygen. 
 
The changes in the line profiles of the Fe I  281.329 nm with the addition of oxygen in 
argon are also investigated to verify any effect of self-absorption, as proposed by Martin 
[27] for the significant enhancement of Ni I 231.10 nm with 5.36 eV upper energy level in 
argon/hydrogen. To study the line profiles of the Fe I 281.329 nm line, sets of 8 
interferograms were co-added for the discharge when oxygen was added in argon. In Fig. 
3.14(a) the changes in the observed profiles of the Fe I  281.329 nm line with the addition 
of oxygen in argon are shown, whereas the profiles of same line corrected for change in 
sputter rate are shown in Fig. 3.14(b). The changes in the behaviour of Fe I 281.329 nm 
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line profiles with the addition of oxygen are in agreement with our previous results, as 
shown in Fig. 3.13(a) and reveal that no absorption effect is apparent in line profiles (Fig. 
13.4). Any contribution to enhancement of Fe I 281.329 nm line by self-absorption can 
also be ruled out because the lower level of the 281.329 nm transition is not metastable 
level. 
In order to gain further insight into the excitation of observed lines with excitation energy 
of 5.3 eV in both Ar/O2 and Ar/H2 plasma, I have carried out comparison experiments with 
Ne/O2 plasma using the iron sample as cathode. In the case of pure neon plasma the Fe I  
281.329 nm line could not be observed, even by co-adding several sets of interferograms, 
due to the lower sputter rate of iron in a neon plasma compared to iron an argon plasma. 
Furthermore, as shown in Fig. 3.15, the changes in the sputter rate of iron with the addition 
of oxygen are more drastic in neon plasma than in the case of argon plasma. It is expected 
that it is not possible to study the changes in line profiles of the Fe I 281.329 nm line with 
the addition of oxygen in neon plasma. However, interestingly it is observed that the Fe I 
281.329 nm line becomes intense at higher oxygen concentration even without correcting 
for change in sputter rate, and intensity of Fe I 281.329 increases with the increase of 
oxygen concentrations. 
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Fig. 3.15 Normalised sputter rates for an iron sample as a function of various oxygen concentrations in 
argon (solid line) and neon (dash line) plasma for 700 V and 20 mA. The low sputter rate in Ne/O2 
above 0.05 %v/v O2 gives an uncertainty of about 50 %, however, the values of error bars on the 
absolute scale are smaller than the height of symbols. 
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It is apparent that the contribution of selective excitation of spectral lines, with excitation 
energy close to ~5.3 eV, is due to the presence of traces of oxygen but independent of 
working gas (Ar & Ne). This also highlights that the presence of impurity gases (O2 and 
H2) in glow discharge source, regardless of whether argon or neon is used as the main 
carrier gas, can contribute significantly to selective excitation of certain spectral lines and 
can affect the accuracy of the analytical results. Recall, this effect was not observed in the 
case of nitrogen with iron as cathode material, and this shows that the effect is highly 
dependent on the nature of the impurity gas and sample matrix. It is suggested that in 
future further experiments investigating the effect of oxygen addition on the atomic spectra 
of other cathode materials in glow discharge can reveal more details of selectively 
excitation of analyte lines. It would be also interesting to observe any selective excitation 
of analyte ionic spectral lines in presence of trace oxygen gas. In this regard, experiments 
with investigation on the effect of oxygen addition on the ionic spectra of analyte materials 
in glow discharge plasmas are presented in next chapter.  
 
3.7 Summary 
In this chapter new studies of the effect of oxygen in argon glow discharge plasma with a 
pure iron sample over a wide spectral range, including many emission lines of both the gas 
and sputtered material, have been described. Major changes in the atomic line intensities in 
emission spectra of iron and argon are observed when oxygen is present even in 
concentrations as low as ~0.04 % v/v in the glow discharge source. A decrease in self-
absorption is clearly seen in selected atomic argon line profiles with the addition of oxygen 
and hydrogen. The results presented here are in good agreement with published modelling 
studies on Ar/O2 glow discharge [32].
 
The effect of oxygen addition on the atomic argon 
emission lines was shown to be more complex than that for the case of hydrogen trace 
addition. Behaviour of emission lines resulting from different transitions and having 
different excitation energies was discussed. Considerable enhancement of some argon 
atomic lines with total excitation energies of between ~13.0 – 13.2 eV in the presence of 
oxygen is observed. The 751.465 nm and 750.387 nm Ar I lines, by contrast, showed only 
a slight change in intensity ratio with increasing oxygen concentration. In general, the 
populations in 4p levels decrease slightly with the addition of oxygen though for many 
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lines the effect is masked by major reductions in self absorption. The populations of 5p 
states also decrease, but at a more rapid rate.  
The intensities of atomic iron emission lines were decreased on addition of oxygen to the 
glow discharge due to suppression of sputter rates. Nevertheless, comparing the emission 
yields the excitation of many iron atomic emission lines was shown to be somewhat 
enhanced in presence of oxygen.  
It is found that the sputter rate for a given Ar/O2 gas mixture is not proportional to current, 
usually the correct assumption in glow discharge work. It is clear that the sputter rate for 
iron drops very significantly with oxygen addition, much more than is the case with 
hydrogen and nitrogen addition, giving a rapid decrease in intensity of iron atomic 
emission lines with increasing trace gas concentration. This appears to be due to a 
poisoning effect e.g. the formation of an oxide layer on the cathode surface. The changed 
surface means that this does not imply a breakdown of the Boumans equation; however, 
users should be aware that under these conditions, the sputter rate is not proportional to 
current.  
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     Chapter 4 
 
The effects of trace oxygen on selective excitation for ionic 
spectral lines in an analytical glow discharge source 
 
4.1 Introduction 
In order to understand the underlying physics in glow discharges, various excitation and 
ionization processes were discussed in Chapter one in section 1.1. It was explained that in 
glow discharge plasmas, one of the important ionization processes, named as „Asymmetric 
Charge Transfer‟ occurred from a charge transfer collision between a noble gas ion and a 
sample atom. In low pressure glow discharges such as a Grimm-type source, the relative 
intensities of lines in the analyte spectrum depend primarily on the plasma gas (usually 
argon). The probability of selective excitation of certain analyte spectral lines (iron, 
titanium & copper) by asymmetric charge transfer involving carrier gas ions is increased if 
excited levels are close to resonance. It is noteworthy that traces of light gaseous elements 
(O, H and N), present either as constituents in the sample such as oxide, hydrides, nitrides 
or occluded within the sample, can also be involved in selective excitation or affect 
selective excitation by the plasma gas.  
In this chapter, initially I will discuss generally the asymmetric charge transfer mechanism 
in low pressure glow discharges. Later, in detail, I will explain the selective excitation for 
ionic spectral lines of commonly used analytical samples such as iron, titanium and copper 
by asymmetric charge transfer involving oxygen ions (O-ACT). I will discuss how the 
oxygen traces added to pure argon plasma can cause significant variations to the excitation 
processes occurring and the relative intensities of spectral lines, particularly those partially 
or mainly excited by asymmetric charge transfer. This chapter extends the previous studies 
on iron atomic lines (chapter 3) to the consideration of changes in ionic spectra. The main 
aim of this chapter is to indicate the contribution of asymmetric charge transfer to the 
selective excitation of certain spectral lines, which may cause a considerable difference in 
the observed intensities and therefore affect the accuracy of analytical results. The spectral 
lines with selective excitation by asymmetric charge transfer involving trace gas ions, can 
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have effects on the calibration in glow discharge optical emission spectroscopy if the 
standard materials used do not have a similar release of gases. Thus, such ionic lines, 
which are affected by asymmetric charge transfer, should be either avoided for the analysis 
of samples containing oxygen or corrected according the changes observed in the presence 
of trace oxygen. 
Investigations for the selective excitation of spectral lines involving asymmetric charge 
transfer can be made either by controlled addition of small quantities of a molecular gas 
externally to the main carrier gas or by using a sample containing for example, an oxide, 
and studying the effects on the intensities of the analyte matrix and carrier gas emission 
lines. Though the distribution of the molecular gas in the discharge may be different in the 
two approaches, both help in the understanding of the excitation and ionization processes 
and show which spectral lines are affected significantly by trace molecular gases. In this 
chapter, I will discuss the results of measurements of GD-FTS at IC by added small 
quantities of oxygen and hydrogen in argon. However, the results of measurements using a 
calamine sample (an oxide, see more details in sec. 2.3) are presented in chapter six. The 
results of experimental studies using FTS to investigate the effects of added O2 (0-
0.2 % v/v, the most likely range occurring in analytical work) on many lines in the 
observed spectra from a Grimm-type glow discharge are presented in this chapter. The 
main plasma gases were argon and neon. The cathodes (samples) used were iron, titanium 
and copper. Full experimental details have been discussed previously in chapter 2 
(sec. 2.1). 
 
4.2 General discussion 
To investigate the selective excitation processes involved for individual energy levels, the 
ratios of the intensity of a given line observed using argon/oxygen plasma to that using the 
pure argon plasma are plotted against the excitation energies. All the values of the 
excitation energy of ionic lines given in this chapter are total excitation energy from the 
ground state of the atom (i.e. ionization energy + excitation energy). In chapter 3 in 
Fig. 3.9 & 3.10, it can be seen that the presence of oxygen greatly reduces the sputter rate. 
Therefore, “emission yields” (EY), i.e. the intensity divided by the sputter rate and the 
concentration of analyte in the matrix [100 % for pure samples], of analyte lines have also 
been determined. 
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Fig. 4.1: (a) Intensity ratios, (b) emission yield ratios of Fe I  & Fe II  lines and (c) intensity ratios of 
Ar I & Ar II vs excitation energy; 700 V and 20 mA and 0.04 % v/v oxygen concentration. In almost all 
cases, the uncertainty in the ratio is less than the height of the symbol. 
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Emission yield ratios (i.e. emission yield using an argon/oxygen mixture divided by the 
yield with pure argon) of lines in the observed spectra plotted against the excitation energy 
for the atomic and ionic emission lines of the sputtered material (iron), are shown in 
Fig. 4.1, together with the intensity ratios (intensity in mixed gas divided by intensity in 
pure argon) of the argon gas and sample lines, for the lowest oxygen concentration, 
0.04 % v/v, in argon. The behaviour of the emission line intensities in the atomic spectra of 
both the sputtered material and argon was reported and discussed previously in chapter 3. 
However, in order to make a general comparison, atomic emission lines are again included 
in Fig. 4.1. 
The emission lines presented in Fig. 4.1 are those observed in the recorded spectrum with 
signal to noise ratios (SNR) greater than 100 in pure argon, though with somewhat lower 
SNR with added oxygen. In almost all cases, the uncertainty is less than the height of the 
symbol.  
It can be seen in Fig. 4.1(a) that the intensities of Fe I and Fe II emission lines were 
reduced due to suppression of sputter rates. However, comparing the emission yield ratios 
in Fig. 4.1(b), the excitation rate of emission lines was slightly increased with added 
oxygen. The variation in emission yield ratios with different excitation energy becomes 
clearer at higher oxygen concentrations (see more details later in section 4.3), indicating 
that there are various excitation processes involved. It can be seen in Fig. 4.1(c) that there 
is a slight decrease in intensity ratio for ionic argon lines with 0.04 %v/v oxygen 
concentration, possibly due to a slight decrease in total gas pressure when 0.04 %v/v 
oxygen is added in argon. More details about the changes in behaviour of analyte and 
argon emission lines with the progressive addition of oxygen are presented and discussed 
later in this section. The enhancement of atomic argon lines with oxygen concentration has 
been discussed previously in chapter 3 in section 3.3. 
 To observe the behaviour of iron ionic lines against the various oxygen concentrations, the 
intensity of arbitrarily selected Fe II lines, together with the change in sputter rate is 
plotted in Fig. 4.2(a). The variation of intensity of the same iron ionic lines in neon plasma 
with various oxygen concentrations is presented in Fig. 4.2(b). The changes in behaviour 
of intensity of various arbitrarily selected ionic lines of carrier gases (Ar & Ne) with 
various oxygen concentrations are also presented, along with change in total gas pressure 
with the progressive addition of oxygen in Fig. 4.3. Recall, the trend for a particular line 
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with changing oxygen concentration is reliable and repeatable, but the actual values of 
emission intensities are not absolute relative to other lines.  
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Fig. 4.2 Measured emission intensity of selected Fe II lines and normalized sputter rates vs. oxygen 
concentration for iron sample in (a) argon and (b) neon as main carrier gas. The voltage was 700 V 
and the current 20 mA in all cases. The emission intensity of the analyte lines becomes significantly 
weaker with the addition of oxygen, therefore, several sets of interferograms were co-added and line 
identifications have been checked carefully. Note that the vertical scale for emission intensities is 
logarithmic, covering 5 orders of magnitude in total. 
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Fig. 4.3 Measured emission intensity of selected ionic carrier gases (a) Ar II and (b) Ne II lines vs. 
oxygen concentration for an iron sample. The change in total gas pressure with the progressive 
addition of oxygen with the same discharge conditions is also shown (right y-axes). The voltage was 
700 V and the current 20 mA in all cases. Note that the vertical scale for emission intensities is 
logarithmic, covering 5 orders of magnitude in total. 
 
It is apparent that in the presence of oxygen, significant changes in the sputter rate and 
intensities of both ionic lines of the iron sample and carrier gas (Ar II & Ne II) occur. 
These changes are larger in neon plasma than are observed in argon plasma in the presence 
of oxygen. The drop in sputter rate with the progressive addition of oxygen, due to 
formation of oxide, is more drastic in the case of neon than that observed for argon 
because neon has smaller atomic mass and hence lower erosion rates than argon [58]. 
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Bogaerts and Gijbels [59] calculated the sputtering yield of a copper cathode in argon and 
neon as sputtering gas and reported that the sputtering yield in argon is higher by the factor 
of 1.5 than for neon. Aita and Tram [60] reported that oxide formation at the cathode 
surface increases with increasing oxygen content and forms more readily in neon/oxygen 
than in the argon/oxygen. Thus the quenching of excitation of analyte ionic lines and 
decrease in sputter rate, due to formation of oxide layer, in the presence of oxygen is in 
agreement with the previous studies on argon/oxygen. 
For the carrier gas ions, it is observed that the emission intensity of both the argon and 
neon ionic lines decrease with the increase of oxygen concentration. The change in number 
density of gas (Ne & Ar) atoms, metastable atoms, ions and electrons with the addition of 
oxygen can be responsible for low excitation of ionic levels. It is noticed that to keep the 
same discharge parameters (constant voltage-constant current) in pure argon and neon 
plasma, the glow discharge is required to operate at significantly higher pressure in neon 
plasma (about more than twice of Ar). In order to arrive at the same electrical current, the 
pressure must be higher in the case of neon, because this gives rise to a higher gas atom 
density, and hence more probability for collisions and more ionization, i.e. more ions and 
electrons (current carriers). On the other side with the progressive addition of oxygen in 
neon with iron sample, a significant decrease in total gas pressure is observed, however in 
the case of argon, the addition of oxygen does not require a major change in pressure. The 
changes in the mechanism of gas phase ion chemistry, different sputtering and ion-induced 
secondary electron emission yields of an oxide surface with the presence of oxygen for 
two different working gases could be the reason for the dissimilar variation in gas pressure. 
 
4.3  Asymmetric charge transfer involving oxygen ions 
Prior to a detailed discussion of the selective excitation of certain ionic spectral lines 
involving asymmetric charge transfer with oxygen ions (O-ACT), it is useful to discuss the 
asymmetric charge transfer (ACT) mechanism (Duffendach reaction): 
 
M0  +  I
+
  →  M+ * +  Io  +  ∆E,       (4.1) 
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This is an important “selective excitation” mechanism for ions, in which metal atoms “M” 
are introduced into a pure inert gas “I”. Where the subscript o and superscript * represent 
the ground and excited state of an atom respectively, and ∆E is the energy difference 
which can be either positive or negative, and also called as exoergic and endoergic 
asymmetric charge transfer respectively. 
Asymmetric charge transfer from argon ions (Ar-ACT) has been observed in Grimm-type 
glow discharges for a variety of cathode materials (Fe, Cu, Ti, Al, Bi, Pb etc.) and carrier 
gases (He, Ar, Ne or Kr) [12-17]. The probability of the reaction increases if several 
excited levels are close to resonance i.e |∆E| <~0.2 eV (see Fig. 4.4), although exoergic 
reactions, with ∆E ≤ 2 eV have been reported [18]. The reaction cross-section depends also 
on the energy states involved. In addition to carrier gas ions, ions of trace molecular gases 
(O
+
 & H
+
) can also produce asymmetric charge transfer. Steers et al. [7] reported for the 
first time that trace hydrogen ions in an argon glow discharge can produce asymmetric 
charge transfer and that asymmetric charge transfer involving hydrogen ions (H-ACT) is a 
very important selective mechanism for certain Fe II  and Ti II spectral lines. Here I have 
carried out similar experiments, as Prof. Steers did for H-ACT, to study the effect of trace 
oxygen addition on iron, titanium and copper ionic emission spectra. I used iron, titanium 
and copper in my experiments because these are widely used for analytical purposes. The 
energy levels of ions, only those which are involved for asymmetric charge transfer, for 
main working gas, trace gas (O
+
 & H
+
) and analyte (Fe
+
, Ti
+
 & Cu
+
) are shown 
schematically in Fig. 4.4. 
It is obvious from the Fig. 4.4 that the probability of asymmetric charge transfer involving 
the trace gas ions (O
+
 & H
+
) is more likely when an iron or titanium sample is used as 
cathode than for copper sample. For an iron sample, there are several ionic energy levels 
close to the ionisation energy of oxygen and hydrogen, which are suitable for both 
exoergic and endoergic asymmetric charge transfer. However, in the case of a titanium 
sample it is more probable to have exoergic asymmetric charge transfer than endoergic 
asymmetric charge transfer due to the presence of more suitable titanium ionic energy 
levels below the ionisation energy of oxygen and hydrogen. 
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Fig.4.4 The probability of selective excitation of certain analyte (Fe, Ti & Cu) spectral lines by 
asymmetric charge transfer involving carrier (Ar-ACT & Ne-ACT) and trace (O-ACT & H-ACT) gas 
ions is increased, if excited levels are close to resonance. In this schematic representation of the energy 
levels, only the region of interest for ACT, of selected elements ions is shown. Note: The energy levels 
are shown from 10 eV up to ionisation energy for oxygen, hydrogen and argon. While for the analyte 
(Ti, Fe & Cu) and Ne energy levels are shown up to 20 eV. 
 
On the other hand, since copper does not possess ionic energy levels suitable for 
asymmetric charge transfer involving trace gas ions (O
+
 & H
+
), it is not possible to have 
selective excitation of ionic Cu spectral lines in the presence of trace gases. Nevertheless, 
copper is appropriate for asymmetric charge transfer with carrier gas (Ne & Ar) and the 
probability for asymmetric charge transfer is more in the case of neon than for argon due 
to the presence of more ionic energy levels of copper suitable for selective excitation. In 
the case of argon plasma gas, copper has no ionic energy levels close to resonance i.e. |∆E| 
<~0.2 eV with the argon ionic ground state, and there is only one copper ionic level, Cu II 
(
3
P2, 15.964 eV), lying close to the argon ionic metastable state (
2
P3/2, 15.937 eV) [58]. 
Hodoroaba et al. [5] have reported that the emission intensities of copper ionic lines, Cu II 
224.700 & 229.436 nm, with excitation energy 15.964 eV are significantly decreased with 
the addition of hydrogen (0-0.6 %v/v) due to the decease in argon ion populations. It is 
also reported in the literature that the rate coefficient of asymmetric charge transfer is one 
order of magnitude higher for copper in neon than in argon [58]. 
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4.4 Results of GD-FTS measurements of ionic spectra in Ar/O2 mixtures using 
pure samples 
4.4.1 Iron ionic emission spectra 
Emission yield ratios of selected 61 Fe II lines plotted against the excitation energy are 
shown in Fig. 4.5 for an oxygen concentration of 0.2 % v/v. To compensate for the 
diminished signal to noise ratio of the observed lines due to the decrease in the sputtering 
rate, sets of 4 or 8 interferograms were co-added for the discharge with added oxygen. As 
a result, the error in emission yield ratios is greatly reduced and the error is less than that 
represented by the height of the individual symbols in Fig. 4.5.  
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Fig. 4.5: Plot of emission yield ratios of all observed Fe II lines plotted against excitation energy for 
0.20 % v/v oxygen concentration (700 V, 40 mA).  
 
It can be seen in Fig. 4.5 that emission yield ratios of Fe II lines with excitation energy 
close to 13.61 eV (the ionisation energy of the oxygen atom) are significantly enhanced. I 
suggest that this is due to Asymmetric Charge Transfer with oxygen ions (O-ACT) 
 
i.e. Feo  +  O
+
  →  Fe+ * +  Oo  +  ∆E       (4.2) 
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For Fe II lines (group A in Fig. 4.5) with excitation energy just below the ionisation energy 
of the oxygen atom, ∆E is positive and can be removed in the form of kinetic energy of the 
resulting particles (Fe
+ *
and Oo). For the Fe II  lines in group B in Fig. 4.5, ∆E is negative, 
and possibly the required excess energy could be supplied either by the kinetic energy of 
the colliding particles (Feo and O
+
) or by the excitation of iron atoms from low lying 
metastable levels [17, 61]. To investigate the dependence of asymmetric charge transfer 
involving oxygen ions for the selective excitation of Fe II lines on the oxygen 
concentration, the emission yield ratios, of selected lines from different energy ranges (as 
shown in Fig. 4.5) are plotted against the oxygen concentration in Fig. 4.6.  
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Fig. 4.6: Normalized emission yield ratios of selected Fe II lines plotted against O2 concentration for 
700 V and 40 mA. Note: although the low sputter rate at 0.20 % v/v gives rise to an error of ~20 % in 
the absolute value of the emission yield ratio, this will not affect the differences in the behaviour shown 
by various spectral lines for the same O2 concentration. 
 
It is observed that emission yield ratios for Fe II 274.320 nm with upper energy close to 
13.61 eV, (the ionisation energy of the oxygen atom) increase with the increase in oxygen 
concentration. This is one of the lines in Group A of Fig. 4.5, excited due to exoergic 
asymmetric charge transfer with oxygen ions (O-ACT) 
 
i.e. Feo  +  O
+
(13.610 eV)  →  Fe
+ *
(13.518 eV)  +  Oo  +  ∆E    (4.3) 
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The probability for asymmetric charge transfer for the 274.320 nm line is large as ∆E is 
~ 0.092 eV. Steers et al. [7] reported a similar result for the trace addition of hydrogen to 
argon, showing asymmetric charge transfer involving hydrogen ions (H
+
) for the Fe II  
274.320 nm line with excitation close to 13.60 eV (ionisation energy of hydrogen). 
 
i.e. Feo  +  H
+
(13.60 eV)  →  Fe
+ *
(13.518 eV)  +  Ho  +  ∆E     (4.4) 
 
Lines (group C in Fig. 4.5) with excitation energy close to 15.76 eV (Ar ionization 
energy), e.g. Fe II 257.297 nm and 275.329 nm, are selectively excited in pure argon 
spectra, by asymmetric charge transfer with argon ions (Ar-ACT)   
 
i.e. Feo  +  Ar
+
(15.760 eV)  →  Fe
+ *
(15.670 eV)  +  Aro  +  ∆E    (4.5) 
 
The emission yield of Fe II lines with excitation energy close to 15.76 eV (the ionisation 
energy of the argon) decreases at higher oxygen concentrations, probably due to a reduced 
argon ion population, although this effect is less marked than with hydrogen [7]. More 
details of quenching of argon ion populations with the addition of trace oxygen is given in 
chapter 5, while the detailed comparison of effects of traces of oxygen with the traces of 
hydrogen in analytical glow discharges in argon is given in chapter 7. 
 
4.4.2. Titanium ionic emission spectra 
In order to investigate asymmetric charge transfer involving oxygen ions with another 
matrix, I have carried out similar studies on the ionic spectra of titanium. Using a titanium 
sample, all atomic and ionic titanium lines also showed a severe drop in intensity due to 
the sharp decrease in sputter rate with the progressive addition of oxygen (see Fig. 8 of 
ref. 62). In Fig 4.7(a), the intensity ratios of 38 Ti II lines are plotted against their 
excitation energy for oxygen concentrations of 0.04 and 0.1 % v/v, while the emission 
yield ratios which compensate for the change in sputter rate, are shown in Fig. 4.7(b) for 
the same oxygen concentrations. It is important to note that the changes (enhancement 
where O-ACT is involved or reduction where Ar-ACT is suppressed) in emission yield 
ratios are more pronounced at higher oxygen concentrations, 0.10 % v/v.  
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Fig. 4.7(a) Intensity ratios of 38 observed Ti II lines and (b) emission yield ratios of the same lines as a 
function of their excitation energy. 700 V, 40 mA and oxygen concentration for (□) 0.04 & (∆) 0.10 % 
v/v. Note: although the low sputter rate at 0.10 % v/v gives rise to an error of ~20 % in the absolute 
value of the emission yield ratio, this will not affect the differences in the behaviour shown by various 
spectral lines for the same O2 concentration. 
 
The same general pattern is observed for the Ti II emission lines showing asymmetric 
charge transfer involving oxygen ions for energy levels close to 13.6 eV. It can be seen in 
Fig. 4.7(b) that the emission yield ratios of three Ti II (245.044, 244.017 and 223.093 nm) 
emission lines, with excitation energy close to 13.61 eV, are slightly higher than the other 
lines. It is likely here that these lines are also excited due to asymmetric charge transfer 
with oxygen ions. 
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i.e. Tio  +  O
+
(13.610 eV)  →  Ti
+ *
(13.475 eV)
 
 +  Oo  +  ∆E     (4.6) 
 
The other group of Ti II lines (180.695, 190.820 and 190.966 nm) with energy close to 
13.6 eV lie in the VUV spectral region and could not be recorded in this experiment. The 
IC VUV-FTS was used for three wavelength ranges 200-300nm, 295-590 nm and 450-900 
nm. No other Ti II lines in the UV spectral region with sufficient signal-to-noise ratio to be 
included in this work were observed. The results presented here are at 0.04 and 0.10 % v/v 
oxygen concentrations, as at higher oxygen concentration, the decrease in emission 
intensity is much greater than the case of iron, and errors in sputter rate measurements 
(required for emission yield ratios) are more than 50 %. 
 
4.5 Results of GD-FTS measurements of ionic spectra in Ne/O2 mixtures using 
pure samples 
In section 4.4, in order to study asymmetric charge transfer involving the oxygen ions, 
argon/oxygen mixtures were used with iron and titanium samples. Here I report the results 
of glow discharge FTS measurements of iron ionic spectra in neon/oxygen mixtures. As it 
appears in Fig. 4.2(b) that the sputter rate decreases drastically with the addition of 
oxygen, therefore, to compensate for the diminished signal to noise ratio and to reduce the 
uncertainty in measured line ratios, sets of 4 or 8 interferograms were co-added for both 
discharges in pure neon and with added oxygen. In the case of titanium samples in 
neon/oxygen for studying the crater shapes and erosion rates, the sputter rates are so low 
that even by allowing sputtering for several hours, I was not able to get reasonable crater 
depth, therefore emission yields of titanium lines have not determined and included here. 
The results of ionic spectra measurements in neon/oxygen are presented here only for 
700 V and 20 mA. The required pressure for 40 mA current is above the range of Baratron 
gauge (20 Torr), and therefore could not to be included in this work. In Fig. 4.8(a), the 
emission yield ratios of 61 selected iron ionic lines plotted against the excitation energy for 
an oxygen concentration of 0.04 %v/v in neon are presented. Whereas, the emission yield 
ratios of same lines with same discharge conditions and oxygen concentration in argon are 
shown in Fig. 4.8(b). 
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Fig. 4.8 Plot of emission yield ratios of Fe II lines vs excitation energy; 700 V and 20 mA and 
0.04 % v/v oxygen concentration in (a) neon and (b) argon plasma. 
 
It is apparent that the effect of excitation enhancement, with the addition of 0.04 %v/v 
oxygen concentration, and the changes in emission yield of Fe II lines are more significant 
and distinctive in the neon plasma gas than the argon plasma gas. The most striking feature 
for Fe II lines, with excitation energy close to 13.61 eV, is that the selective excitation is 
observed to a greater extent in neon/oxygen than that in argon/oxygen plasma with the 
same discharge conditions. In particular, I believe that the enhanced emission yield of 
these lines is due to asymmetric charge transfer involving oxygen ions. The considerable 
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difference in magnitude of Fe II lines involving O-ACT in neon and argon is thus most 
likely due to the different amount of oxygen ions available for asymmetric charge transfer. 
Optical emission spectrometry can only show changes in the population of excited ions. 
No ionic oxygen lines (200-500 nm spectral region) with sufficient signal-to-noise ratios 
have been observed under these conditions. Therefore, to justify my argument, I am 
presenting the behaviour of atomic oxygen emission lines in the glow discharge with 
neon/oxygen and argon/oxygen. In all the observed spectra with neon/oxygen and 
argon/oxygen glow discharges, with iron, titanium and copper samples, only the intense 
atomic oxygen lines that lie in the near infra-red region are recorded. I have discussed in 
chapter 3 that the other group of strong atomic oxygen lines (VUV spectral region) which 
are not included here lie below the lower limit (135 nm) of the range of the IC VUV FTS. 
The changes in the emission intensity of observed atomic oxygen lines for various oxygen 
concentrations for iron samples in neon plasma gas and their comparison with the emission 
intensity for the same set of lines with an argon/oxygen mixtures are shown in Fig. 4.9(a) 
and (b). 
It is observed that the emission intensity of observed oxygen atomic lines increases with 
the progressive addition of oxygen (0.04-0.8 %v/v) and is apparently much higher in the 
case of neon than that observed in argon plasma gas. At 0.04 %v/v oxygen concentration, 
the emission intensity of one of the intense atomic oxygen lines, O I (
5
P, 10.740 eV), 
777.194 nm, is about one order of magnitude higher in neon than in argon gas. Energy 
transfer collisions of neon metastable atoms, Nem (
3
P1, 16.62 & 
3
P0, 16.72 eV), with 
dissociative excitation probably play a dominant role to both dissociate the oxygen 
molecule, O2 (5.1 eV), and excite directly one of the dissociation products to an O
*
(
5
P, 
10.740 eV) level as:   
 
Nem (
3
P1, 
3
P0)  +  O2 (X) →  Neo
 
 +  O (
3
P)  +  O
*
 (
5
P)    (4.7) 
e- + O (
3
P) → e- + O* (5P)        (4.8) 
 
Such a excitation mechanism is well known in the resonant energy transfer between 
metastable atoms and the ground state molecules to generate population inversions to 
operate the atomic oxygen laser [45]. 
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Fig. 4.9 Measured emission intensity of observed atomic oxygen lines in (a) neon and (b) argon plasma 
vs. oxygen concentration for an iron sample. The voltage was 700 V and the current 20 mA in all cases. 
Note that the vertical scale for emission intensities is logarithmic, covering 5 orders of magnitude in 
total. 
 
 
In the case of an argon/oxygen plasma, energy transfer collisions of argon metastable 
atoms, Arm (
2
P3/2, 11.548 & 
2
P1/2, 11.780 eV), can dissociate of oxygen molecule with 
excitation of one of the dissociation products to an atomic oxygen metastable [44], Om 
(
1
D2, 1.967 or 
1
S0, 4.189 eV). 
Arm (
2
P3/2, 
2
P1/2)  +  O2 (X) →  Aro
 
 +  O (
3
P)  +  Om
*
 (
1
D2 or 
1
S0)   (4.9) 
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The equations (4.8) & (4.9) show that direct resonant energy transfer between metastable 
atoms and the ground state molecules of oxygen into O
*
 (
5
P) level is only possible in 
neon/oxygen plasma. The excitation of an oxygen molecule, O2 (X) into an excited 
molecular oxygen ion, O2
+
 (a 
4πμ) by Nem (
3
P1, 
3
P0) involving penning ionisation and 
subsequently dissociation with the excitation of one of dissociation products to O (
5
P) has 
also been reported (see Fig. 1 of ref. [44]). However, again this process is not likely in the 
case of argon/oxygen mixtures because the transfer of the internal energy from the argon 
metastable state is less than the molecular oxygen ionic state O2
+
 (a 
4πμ). 
 
The non-linear behaviour of emission intensities of oxygen lines when plotted against the 
oxygen concentrations shows that the dissociation degree of oxygen molecules varies with 
the increase of oxygen. This is possibly due to the quenching of metastable atoms with the 
progressive increase of oxygen (see section 3.3). Similar non-linear behaviour of hydrogen 
and oxygen emission lines in argon glow discharge has been reported previously [5, 7, 62]. 
I postulate that the increased emission intensity of atomic oxygen lines in neon and the 
mechanisms listed above are in agreement with the previous literature and therefore, are 
sufficient to explain the increase in observed emission yields for Fe II  lines (close to 13.61 
eV) in neon/oxygen plasma. 
 
4.6 Role of ionic metastable states in asymmetric charge transfer 
It was reported [7] previously that Fe II lines with excitation energy above the ionisation 
energy of argon ions can also be involved in selective excitation when: 
1) Feo atoms, in ground state a level of multiplet (
5
D, 0-0.12 eV), are excited by ionic 
metastable levels of the argon ion (
2
P3/2, 15.937 eV).  
2)  Fem atoms, in metastable state (
5
F, 0.85-1.01 eV) are excited by argon ionic ground 
(
2
P5/2, 15.760 eV) and/or metastable argon ions (
2
P3/2, 15.937 eV). 
 
In fact, oxygen ions (
4
S) have metastable levels (
2
D, 16.934 eV), which have life times of 
several hours [63], and it is expected that such ions can also be involved in asymmetric 
charge transfer. It is now established that asymmetric charge transfer appears more 
significant in neon oxygen plasma, therefore in Fig. 4.8(a) it can be observed that emission 
yields of Fe II lines, with excitation energy close to 17.0 eV, are significantly enhanced in 
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presence of oxygen. In the case of argon/oxygen plasma, the excitation of Fe II lines with 
excitation energy close to 17.0 eV is clearer when higher oxygen concentration is used (see 
Fig. 4.5).  
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Fig. 4.10 Plot of emission yield ratios of Fe II lines vs excitation energy; 700 V and 20 mA and 
0.04 % v/v hydrogen concentration in argon plasma. 
 
To obtain the broader picture for the selective excitation of Fe II by asymmetric charge 
transfer involving metastable oxygen ions, new measurements of the emission yield ratios 
of the same Fe II lines as appearing in Fig. 4.8 with the same discharge conditions are 
plotted in Fig. 4.10 against excitation energy for 0.04 % v/v H2 concentration in argon. It is 
observed that changes in the emission yield ratios of Fe II lines involving H-ACT and Ar-
ACT are become apparent but there is no selective excitation of Fe II lines with excitation 
energy close to 17.0 eV. This supports the evidence that metastable levels of oxygen ions 
also play a significant role in asymmetry charge transfer excitations. Another interesting 
observation in the above cases is the different behaviour and relative variations in the 
magnitude of emission yield ratios of Fe II lines excited by exoergic and endoergic 
asymmetric charge transfer. These changes appear to be dependent not only on trace gas 
concentration but also on plasma discharge conditions.  
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4.7 Summary 
The influence on Grimm-type discharges in argon and neon plasma of oxygen traces as an 
added gas for iron, titanium and copper samples is reported and discussed in this chapter. It 
was observed that oxygen traces added either to a pure argon or neon plasma can cause 
significant variations to the excitation processes occurring and the relative intensities of 
spectral lines, particularly those partially or mainly excited by asymmetric charge transfer. 
The observed ionic spectra of iron and titanium generated with argon/oxygen plasmas have 
shown that the population of the excited ions in the upper energy level is decreased with 
the addition of oxygen. The drop in population of iron and titanium ions in the plasma is in 
agreement with the change in the sputter rate reported in chapter 3. Fe II and Ti II lines 
with upper energy close to 13.61 eV (the ionization energy of oxygen) show a significantly 
greater emission yield in the presence of trace oxygen than in pure noble gas. This is 
attributed to selective asymmetric charge transfer caused by oxygen ions. The intensities of 
Fe II lines with excitation energy close to 15.76 eV (the ionization of argon) decrease at 
higher oxygen concentration, probably due to quenching of argon ions and a corresponding 
reduction of asymmetric charge transfer with argon ions (Ar-ACT). Glow discharge mass 
spectrometry experiments, which are presented in the next chapter, have shown that a very 
significant decrease in the argon ion
 
population occurs with the progressive increase in 
oxygen concentration in argon plasma. 
It is apparent that the contribution of asymmetric charge transfer involving trace gas ions 
O
+
 and H
+
 to the selective excitation of certain spectral lines, with excitation energy close 
to ~13.61 eV, can cause a significant difference in the observed ionic intensities of iron 
and titanium and therefore affects the accuracy of analytical results. Therefore, such ionic 
lines should be avoided for the analysis of samples containing oxygen. It appears that the 
effect of oxygen on lines which may be partially or wholly excited by Ar-ACT is unlikely 
to be significant for samples with iron as the major constituent, but the magnitude of any 
effects is highly dependant on the sample matrix.  
 
 
 
 
 99 
Chapter 5 
 
The role of oxygen in analytical glow discharges: 
GD-OES and GD-ToF-MS 
 
5.1  Introduction 
In chapter one, introducing briefly glow discharge plasma, I discussed that two main 
techniques, optical emission spectroscopy (OES) and mass spectrometry (MS), are used to 
detect analyte and carrier gas species in plasma. When the cathode material (sample) is 
sputtered, mainly by argon ions and fast argon atoms, elements present are excited and 
ionized and then detected either by OES or MS. It is noteworthy that optical emission 
spectroscopy experiments can only show changes in the populations of excited atoms and 
ions. In order to gain complete information about the total population of both the analyte 
and carrier gas ions, experiments using the mass spectrometry techniques are also needed. 
In the previous two chapters, I have discussed results of glow discharge FTS 
measurements of atomic and ionic spectra in Ar/O2 mixtures using iron, titanium and 
copper samples. In this chapter, I will talk about the experiments using dc time of flight 
glow discharge mass spectrometer (dc-GD-ToFMS) which were carried out at the Swiss 
Federal Laboratories for Material Science and Technology (EMPA), Thun, Switzerland. 
Mainly I will describe the influence of oxygen (0-0.8 % v/v) on the argon plasma for iron, 
titanium, copper and gold samples using time of flight mass spectrometry (ToF-MS). This 
range of oxygen concentrations was particularly chosen both to complement previous 
studies as presented in chapter 3 & 4, and to reflect what might happen in applications.  
It is recognized (see Fig. 3.9(a) & 3.10) that the sputter rate changes with the addition of 
oxygen due to oxide formation, therefore sputter rate measurements were also performed 
for all the experimental conditions during the mass spectrometry measurements. These 
sputter rates are compared with those obtained with a standard Grimm-type glow discharge 
source with oxygen addition (see chapter 3). Comparisons are also made with some of the 
results obtained in the similar experiments of Weinstein (Early Stage Researcher at 
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London Metropolitan University) made using the commercial Element glow discharge 
mass spectrometer (Thermo Fisher Scientific) with a fast-flow source. 
Further, the outcomes of time of flight mass spectrometry measurements will be compared 
with those observed using high resolution optical vacuum UV Fourier transform 
spectrometry. The results presented here will underline the important differences between 
optical emission detection and mass spectrometry and help in understanding of plasma 
processes. 
Prior to presenting the ToF-MS results, the existing literature on glow discharge 
spectrometry and the effects of trace molecular gases are highlighted here. It is well known 
that analytical glow discharge optical emission spectrometry and mass spectrometry are 
widely used for elemental analysis of bulk solid materials [1, 64, 65]. Depth profiling 
using GD-OES is widespread, and has also been reported using GD-MS [20, 66]. 
Radiofrequency (rf) powered glow discharge sources also allow the analysis of non-
conducting materials such oxides, nitrides, glasses and polymers [67]. In these non-
conducting materials oxygen, nitrogen and hydrogen are present in compound forms and 
can be released during the sputtering process. It has already been discussed in earlier 
chapters that these gases are well-known to affect the discharge properties and can 
therefore have large effects on the calibration in both GD-OES [e.g. 3-9] and GD-MS [e.g. 
68-76] if the standards used did not have a similar release of gases. There have however 
been fewer papers published on the effect of molecular gases upon GD-MS signals than for 
GD-OES signals. 
The effects of gases released from the sample can be studied by adding them deliberately 
to the discharge gas. (Note however, that the effects of gases can be different when they are 
present in atomic or molecular form.) Analytical effects may in some cases be suppressed 
by deliberately adding a molecular gas in excess of that expected to be released by the 
sample. Numerical simulations have been published recently on the effect of molecular 
gases [30-32] on glow discharge, however, these models are not necessary applicable to all 
glow discharge source designs. Some new glow discharge mass spectrometry instruments 
(Thermo Element GD, as well as the prototype instrument used for this work (see details in 
section 2.2)) use a fast flow source to improve operation at high sputtering rates. Since the 
plasma environment experienced by the sputtered material varies spatially along the 
extraction path, the effects of molecular gas addition may depend upon the source design. 
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It is certainly true in general that the volume of the glow discharge sampled by any mass 
spectrometer will be different from that sampled by commercial optical emission 
spectrometry instrument. Ions are believed to be sampled from a small volume near the 
sampling orifice in mass spectrometry, whereas optical emission spectrometry systems 
collect emission from a large volume close to the cathode. Therefore, it is likely that the 
results of measurements using the OES and MS may differ from each other due to the 
source design. In the following section, I will discuss the results of mass spectrometry 
measurements with Ar/O2 mixtures. Full experimental details have been discussed 
previously in chapter 2 in section 2.2 and will not be repeated here. 
 
5.2  Pressure measurements 
During the mass spectrometry measurements the gas flow was adjusted to keep the current 
and voltage constant. The source pressure was measured and the pressure at the sample 
calculated. The results for the fast flow source (mass spectrometry measurements) are 
shown in Fig. 5.1. For gold and iron, the addition of oxygen does not seem to affect the 
pressure, however in the case of copper, the pressure increased by roughly 100 Pa and in 
the case of titanium it increased by 200 Pa. The necessary pressure change could be the 
result of gas-phase processes or changes in secondary electron emission coefficient of the 
sample surface due to oxidation. However, since the pressure changes are relatively small, 
it is not expected any change in the ion sampling efficiency of the mass spectrometer. The 
pressure values are in good agreement with the measurements done on the standard Grimm 
source used for the optical emission experiments at the same current and voltage (see 
Table. 3.2), therefore it is concluded that glow discharges in the two sources are similar 
despite the differences in the flow pattern.  
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Fig 5.1 Discharge pressure (at the sample) vs. oxygen concentration for different sample materials 
(700 V, 20 mA, 4 mm anode tube, fast flow source) 
 
5.3  Results of sputter rate measurements during GD-ToF-MS studies 
During mass spectrometry measurements, a new „spot‟ at cathode was used for each 
oxygen concentration and the crater depth was subsequently measured using profilometry. 
The sputter rates normalised to the pure argon discharge are shown in Fig. 5.2. (Absolute 
sputter rates with pure argon are shown in the legend). The sputter rates decrease with the 
addition of oxygen for all the metals studied here, however the exact behaviour is very 
different. In the case of copper at lower oxygen concentration, a varied change in sputter 
rate is observed. Iron and titanium suffer a sudden drop of sputter rate at 0.1 % and 0.05 % 
oxygen concentrations, respectively, whereas the sputter rate of copper decreases more 
gradually between 0.1 and 0.4 % oxygen content. The sputter rate of gold decreases by a 
mere 30 % in contrast. A pattern is observed, with the more reactive sample materials (Ti 
and Fe) having a sharper and bigger drop in sputter rate with oxygen concentration than 
the less reactive ones (Cu and Au). The critical oxygen concentration seems to depend 
strongly on the reactivity of the cathode material with oxygen, therefore suggesting that 
oxide formation is the reason for this drop. Sputter rates were also measured during the 
optical emission measurements with the standard glow discharge source and the results are 
shown in Fig. 3.9 & 3.10. The sputter rate results obtained using the two sources agree 
well for iron and titanium at all oxygen concentrations. 
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Fig. 5.2 Normalised sputter rate of metals vs. oxygen concentration (normalised to the sputter rates in 
pure Ar, shown in parentheses in the legend). The voltage was 700 V, the current was 20 mA in all 
cases. Note: the measurements of the randomly selected craters were repeated and the errors were 
found less than 5% in their absolute values. 
 
Sputtering yields of metal atoms from metal oxides under noble gas bombardment might 
be expected to be lower than for pure metals both because of the lower mole fraction of 
metal atoms, and because of the higher bond energies. Mole fraction corrected yields from 
oxides are indeed in general much lower than for the pure metals (for 10 keV krypton 
bombardment [77], although total sputtering yields from oxides are often higher than for 
the metal surface. Sputtering rates (not yields) of an oxide surface in the presence of 
oxygen are however much lower because of replenishment of oxygen at the surface from 
the gas phase. Hrbek [78] reported a sputtering yield for titanium under argon/oxygen 
bombardment as low as 10 % of that for the pure argon case (the lower sputtering rate was 
however interpreted as a lower yield from the oxide, rather than due to oxygen 
replenishment). Elbern and Mioduszewski [79] reported that the sputtering rate of iron in 
steel by 10 keV argon ions was approximately an order of magnitude lower in the surface 
oxide layer than in the bulk. Cantagrel and Marchal [80] reported a reduction in sputtering 
rates due to the presence of oxygen of up to an order of magnitude for a variety of 
materials bombarded by 1 keV argon ions. Williams and Corey [81] reported that the 
sputtering rate of iron by xenon ions in the presence of oxygen could be as low as 3 % of 
that when no oxygen was present (the „poisoning‟ effect was most pronounced at higher 
oxygen abundance and lower projectile energies). Thus the lower measured sputtering 
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rates of metals in the presence of oxygen reported in this work are consistent with the prior 
literature. 
 
5.4  Glow discharge optical emission results 
The optical emission from a pure iron sample in an argon glow discharge was measured by 
Fourier Transform Optical Emission Spectroscopy (FT-OES) using the standard Grimm-
type glow discharge source. The effects of added molecular oxygen on the Ar II (ionic) 
emission lines are presented in Fig. 5.3(a). The measured optical emission intensity was 
plotted against oxygen concentration. A decrease in measured emission intensity (up to 
60 % drop) is observed for most of the Ar II emission lines with the addition of up to 
0.8 % v/v oxygen. Although these changes in measured emission intensity are significant 
and demonstrate a significant change in the plasma due to the presence of oxygen, they are 
much smaller in magnitude than the changes observed by mass spectrometry which will be 
shown in section 5.5. The optical emission results will be discussed further together with 
those from the mass spectrometry in section 5.5.2. 
The effects of oxygen on the Fe I (atomic) and Fe II (ionic) emission lines have been 
discussed in chapter 3 & 4, however, to compare the change in magnitude in the Fe II ion 
signals observed by mass spectrometry, selected Fe I and Fe II emission lines are presented 
in Fig. 5.3(b) and 5.3(c), respectively. Both iron atomic and ionic lines decreased in 
intensity by a factor of ten at 0.1 % v/v oxygen concentration. This drop is largely 
explained by the measured decrease in the sputter rate: in fact the emission yield is slightly 
increased as the drop in optical emission is smaller than the drop in sputter rate (see Fig. 
4.1(b)). 
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Fig. 5.3 Measured optical emission intensity vs. oxygen concentrations for selected (a) Ar II, (b) Fe I 
and (c) Fe II lines.  FTS data, cathode: pure iron, anode tube diam.: 4 mm, Voltage: 700 V, current: 20 
mA. 
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5.5 Time of flight mass spectrometry results 
5.5.1  Positive ion signals (mass spectrometry) 
While optical emission signals changed by only small integer factors on the addition of O2, 
ion signals measured by mass spectrometry changed by several orders of magnitude in 
these experiments as oxygen was added. This is illustrated in figure 5.4, where mass 
spectra from an iron sample are shown in pure argon and in a 0.2 % Ar/O2 mixture. Almost 
all ion signals dropped by 3-4 orders of magnitude. The 
[56]
Fe
+
 ion signal actually dropped 
below the detection limit and only the interference from 
[56]
ArO
+
 is visible at 0.2 % oxygen 
concentration.  
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Fig. 5.4 Mass spectrum from an iron sample using pure Ar (black) and 0.2 % Ar-O2 mixture (red), 
Voltage: 700 V, current: 20 mA in both cases. Note that the peak at mass 56 from the O2 mixture is 
[56]
ArO
+
 rather than 
[56]
Fe
+
. The two mass spectra are shown on the same vertical axis with no offset. 
 
The effect of adding oxygen on the ion signals is shown in more detail in Fig. 5.5 for iron 
(a), titanium (b), copper (c) and gold (d). The peak area belonging to each ion is integrated 
within a m/∆m=1500 wide mass window, therefore some interferences of peaks are 
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possible. (The 
[56]
Fe
+
 and 
[56]
ArO
+
 interference was checked using the isotope pattern of 
Fe as the molecular ion could only be partially resolved from the iron ion at the mass 
resolution used in these experiments. The signal below 0.1 % O2 comes entirely from Fe
+
, 
the signal above this limit comes entirely from ArO
+
.) The sputter rate is also plotted on 
the same scale in nm/s units for comparison. The most abundant isotopes of the more 
intense mass peaks are plotted for each substrate, minor isotopes and ion peaks such as 
56
Fe
16
O2
+
, 
63
Cu
40
Ar
+
 have been omitted for simplicity. 
The most striking general feature of the ion signals is that all ion signals (including Ar, O2, 
analyte-related ion peaks, as well as background-related peaks) decrease by several orders 
of magnitude with the addition of oxygen to the discharge gas. This effect can be observed 
for all cathode materials and all ions, therefore it can conclude that this general trend 
towards lower ion signals at higher oxygen fractions is due to processes occurring in the 
gas phase rather than at the cathode surface. In particular, I believe that the transport of 
ions through the flow tube to the mass spectrometer sampling orifice is responsible for the 
loss of signal, and this hypothesis is discussed in more detail below. 
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a: Fe 
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Fig. 5.5 Ion signals and sputter rates vs. oxygen concentration for samples of a: Fe, b: Ti, c: Cu, d: Au. 
The voltage was 700 V and the current 20 mA in all cases. The ion signal shown here is the area of the 
particular mass peak within a m/∆m=1500 mass window, so nearby peaks may in general overlap, but 
the identifications have been checked. In particular the peak at mass 56 is entirely 
[56]
Fe
+
 below 0.1 % 
O2 concentration and entirely 
[56]
ArO
+
 above this concentration. Note that the vertical scale is 
logarithmic, covering 9 orders of magnitude in total. 
 
The data for iron and titanium cathodes also show a pronounced „step‟ as signals from all 
ions decrease dramatically above a certain oxygen concentration (0.05 % for titanium, 
0.1 % for iron, both at 20 mA). Although this „step‟ is not so clear in the data from copper 
and gold, a steepening in the slope of ion signals vs oxygen content can be seen above 
0.2 % for copper and 0.4 % for gold. It must be noted here that near this critical 
concentration, the ion signals needed a long time to stabilise (up to 10 minutes). I also tried 
to change the oxygen concentration during measurements and observed hysteresis, e.g. the 
ion signals did not go back to the same level immediately when I increased and 
subsequently decreased the oxygen concentration near the threshold. It seems that the 
surface has a memory of previous oxygen concentrations. 
I believe that the change in the oxygen fraction necessary to cause this step in the ion 
signal with increasing O2 concentration or steepening is related to the reactivity of the 
cathode material with oxygen. Gold is the least reactive of the metals investigated here, 
d: Au 
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and the results show a smoother drop in ion signals as the oxygen fraction is increased than 
the other metals investigated. (Note that gold is not completely unreactive under these 
conditions, it can form a surface oxide layer in oxygen containing plasmas at lower 
pressures (e.g. [82, 83]) and the observation of AuO
+
 from sputtering of a gold target by 
an argon/oxygen plasma has been ascribed to sputtering of neutral gold oxides [80]). The 
correlation between sample reactivity with oxygen and the dependence of sputtering rates 
and analytical signal upon oxygen fraction has been previously reported for GD-OES 
measurement [22]. 
The fraction of oxygen necessary to cause the sudden drop in signals from an iron cathode 
depends on the current; at higher current, the step occurs at higher oxygen fractions. (See 
Fig. 3.9(a) in chapter 3 for sputter rate measurements at different currents.) This, and the 
dependence on surface reactivity, is consistent with a competition between sputtering 
processes that tend to generate a clean metallic surface and oxidation of that surface by the 
plasma gases and any incident oxygen ions. A similar dependence of sputtering yields 
from metals in argon/oxygen mixtures upon current and oxygen concentration has been 
reported by Hrbek [78]. The reduction/oxidation competition process has been studied in 
detail in the context of „target poisoning‟ in dc and rf magnetron sputtering using 
argon/oxygen plasmas, typically at around 10
-3
 mbar. Models of varying complexity have 
been proposed [78, 80, 85, 86] which successfully predict a sudden step change in the 
extent of sample surface oxidation, and therefore also some plasma properties (including 
the hysteresis effects reported in this work at higher pressures). 
 
5.5.2 Discussion on disproportionate decrease in ion signals with the addition of 
oxygen in mass spectrometry studies 
The drop in the ion signal from the metal target on the addition of O2 is, however, much 
larger than can be accounted for by the change in sputter rate alone (see Fig. 5.5), one 
must therefore seek an additional mechanism to explain the decrease in the analytical ion 
signal upon the addition of molecular oxygen, as well as the decrease in the total ion count 
rate. Since I am working under conditions of constant current and voltage, and changes in 
the discharge pressure to meet this condition are only of the order of a few percent, I do 
not a priori expect a change in the number density of charged species in the plasma nor in 
their transport to the mass analyzer. It can also be recalled that optical emission from Ar II 
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and Fe II ionic lines did not show such a huge drop with the addition of oxygen (see figure 
5.3). Although optical emission measurements measure the population of excited ionic 
levels while mass spectrometry measures the population of all ionic levels including 
ground state, it is believed that the relative stability of the Ar II and Fe II  signals indicate 
that the negative glow did not suffer such a huge change due to oxygen addition, the huge 
difference in the behaviour of optical and mass spectrometric signals change is thus most 
likely due to gas-phase processes happening between the negative glow (defined in 
appendix) and the sampling orifice. 
The addition of a molecular gas to an argon plasma can result in a change in the observed 
ion signals in a number of ways: 
 
i) It is well known that a fraction of the ions observed in GD-MS arise from Penning 
ionization 
 
Arm + M →  Ar +  M
+
 + e
-
       (5.1) 
 
where Arm denotes an argon atom in one of the two metastable states with energies 
of about 11.5 eV, and M and M
+
 denote a metal atom and ion respectively. 
Molecular gases can compete for the available argon metastable atoms [32], and 
have a high cross-section for quenching reactions such as  
 
Arm + O2  →  → Ar + O + O        (5.2) 
 
The total quenching cross-section for molecular oxygen with the two lowest 
metastable states of argon atoms is about 0.4 nm
2
, [74, 87] and that for metal atoms 
is of the same order of magnitude [88, 89]. The quenching cross-section for argon 
metastable atoms colliding with argon atoms (due to collision induced emission of 
radiation) is many orders of magnitude lower at about 2.3x10
-6
 nm
2 
[90]. The 
abundance of sputtered metal atoms in the discharge is of the order of 0.1 % (mole 
fraction) of the argon atoms and so the sputtered material plays a significant role in 
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determining the abundance of metastable argon atoms under normal (pure Ar) 
conditions; additional quenching of metastable argon atoms due to a molecular gas 
(and atoms produced by its dissociation) will result in a decrease in the rates of all 
reactions involving metastable argon atoms – including Penning ionization of the 
sputtered metal atoms, electron impact ionization of argon metastables, and 
associative ionization of argon (Hornbeck-Molnar reaction). At the pressures used 
in this work these reactions play a significant role in maintaining the plasma [91]. 
ii) Sputtered analyte atoms, and their resultant ions, may react in the gas phase to form 
e.g. an oxide or oxide ion (FeO or FeO
+
) reducing the analyte signal. Some 
fraction of analyte atoms may be sputtered from the surface not as atoms but as 
molecular fragments. 
iii) Electron thermalisation rates are faster in a molecular gas than in argon [92]. This 
is likely to be particularly important in afterglow plasmas as two body 
recombination is only efficient when electron temperatures are very low (thermal). 
iv) Ionic species from the added gas (such as O+ from oxygen, or H+ from hydrogen) 
may have ion mobilities very different from Ar
+
, and thus the ambipolar diffusion 
coefficient, and loss rates of ions to the walls, may differ. 
v) The mean electron temperature is likely to be lower for a molecular gas plasma 
than for an argon plasma, due to the lower ionization potential and higher 
thermalisation rates due to vibrational and rotational levels of the molecules.  
vi) The secondary electron emission coefficient, γ, of the surface will change as it is 
oxidised. In general, γ increases in the presence of oxygen (by up to a factor of ten 
for tungsten under low energy bombardment by Li
+
 or Cs
+
) [93]. Changes in γ will 
certainly affect the plasma conditions, although we are not able to predict the effect 
upon ion signals. 
vii) New asymmetric charge transfer pathways become available (e.g. Ar+ + O2 → Ar + 
O2
+
), which may alter the net loss rate of ions [94]. 
viii) The plasma may become electronegative if heavy ions carry a significant fraction 
of the negative charge instead of electrons. This will change the ambipolar 
diffusion coefficient, and may affect the sampling of ions from the plasma and/or 
their transmission through the mass analyzer (due to changes in the plasma 
potential and the presence or absence of a plasma sheath at the sampling orifice). 
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Many of these effects should apply equally to ions detected by optical emission, or by the 
mass spectrometer, and so cannot explain the difference between the datasets. Although 
the effects (iii) and (iv) may at first sight not seem too important, it must be recalled that 
the ions detected by the mass spectrometer are sampled from the end of a 2 cm long flow 
tube within the hollow anode. Although the flow tube is grounded and itself acts as an 
anode, it seems likely that the plasma is cooling as it proceeds along the anode and may be 
best regarded beyond a certain point as an afterglow. Whether or not power is efficiently 
coupled into the plasma along the entire length of the flow tube, diffusion losses to the 
walls are likely to play a significant role. (The intent of a fast flow source is to advect ions 
rapidly from the volume where they are most abundant, close to the cathode sheath, 
towards the sampling orifice before they can be lost or recombine.). I speculate that 
differences in the extent to which volume losses of ions and surface losses of ions scale 
with oxygen fraction account for most of the difference between the data reported here, 
and that for similar experiments performed by Weinstein et al. [95]. The flow tube used in 
the Element GD by Weinstein in her experiments is of a similar length, but approximately 
twice as wide as that used in my work. It has been previously reported that relative 
sensitivity factors in fast flow GD-MS sources depend on the flow rate [96]. Differences in 
the pressure after the sampling orifice may also account for different behaviour of the two 
instruments [97]. I also postulate that a combination of the mechanisms listed above is 
sufficient to explain the decrease in almost all ion signals as the oxygen fraction is 
increased, and in particular the much larger drop in the mass spectrometric signal due to 
sputtered metal ions (e.g. Fe
+
) than can be accounted for the decrease in sputtering rate. 
Oxygen-related ions in Fig. 5.5 show an exponential decrease at higher oxygen 
concentrations, however, below the threshold for oxide formation they show a linear 
increase with oxygen concentration. This applies to 
[16]
O
+
 and 
[32]
O2
+
 as well as to analyte-
oxides such as 
[72]
FeO
+
. This kind of behaviour is expected if the oxygen concentration is 
low enough not to perturb the discharge significantly as is typically assumed for analytic 
glow discharges. At high enough oxygen concentrations a departure from this linearity is 
expected, for example because the increasing depletion of argon metastable atoms alters 
the ratio of atomic to molecular oxygen [32]. 
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5.5.3 Negative ion signals (mass spectrometry) 
The negative mass spectra were also measured and the negative ion signals as a function of 
oxygen concentration are measured. Results are shown in Fig. 5.6 for iron (a), titanium (b) 
and copper (c). In general, higher oxygen concentration was necessary to observe any 
negative ion signal at all (higher than 0.4 % in all cases). The sputter rates are so low at 
these high oxygen concentrations that these could not be measured, therefore they are not 
included. The negative mass spectrum is rich in different metal oxide anions, however they 
often behave in a similar way, therefore I omit the ions that behave in the same way. The 
[80]
TiO2
–
, 
[96]
TiO3
–
 and 
[128]
TiO5
–
 signals are proportional to 
[112]
TiO4
–
, while the 
[176]
Ti2O5
–
, 
[208]
Ti2O7
– 
and 
[224]
Ti2O8
–
 signals are proportional to 
[192]
Ti2O6
–
 and are not shown in Fig. 
5.6. Likewise, the 
[79]
CuO
–
 and 
[111]
CuO3
–
 signals are proportional to 
[95]
CuO2
–
 while the 
[158]
Cu2O2
–
 and 
[190]
Cu2O4
–
 are proportional to 
[174]
Cu2O3
–
 and are not shown in the 
Fig. 5.6. Usually the oxygen-related negative ions are dominant: 
[16]
O
-
, 
[32]
O2
-
 and 
[48]
O3
-
 
except with titanium, where the 
[112]
TiO4
-
 ion becomes the most abundant at higher oxygen 
concentration. The three oxygen anions behave in the same way for each cathode material 
but the form of the concentration dependence differs greatly for different cathode 
materials. In the case of titanium oxide (TixOy) ions, one can see that the various anions 
observed show differing concentration dependence linked to the number of titanium atoms 
(x) present in the ion and apparently independent of the number of oxygen atoms (y). The 
dependence suggests that the heavier ions are formed by subsequent reactions in the gas 
phase. Similar behaviour was not observed for iron and copper. It is not clear why this 
behaviour is not observed for iron and copper. 
 
 115 
10
-6
10
-5
10
-4
10
-3
10
-2
10
-1
10
0
10
1
Io
n
 S
ig
n
a
l 
[m
V
 x
 n
s
]
2.52.01.51.00.50.0
O2 concentration [V/V %]
 
[16]
O
-
 
[32]
O2
-
 
[48]
O3
-
 
[72]
FeO
-
 
[88]
FeO2
-
 
[104]
FeO3
-
 
[120]
FeO4
-
[72]
FeO
-
 
[120]
FeO4
-
 
[16]
O
-
 
[32]
O2
-
 [48]
O3
-
 
[104]
FeO3
-
 
[88]
FeO2
-
 
 
10
-6
10
-5
10
-4
10
-3
10
-2
10
-1
10
0
10
1
10
2
Io
n
 S
ig
n
a
l 
[m
V
 x
 n
s
]
2.52.01.51.00.50.0
O2 concentration [V/V %]
 
[16]
O
-
 
[32]
O2
-
 
[48]
O3
-
 
[112]
TiO4
-
   *    
[80]
TiO2
-
   *    
[96]
TiO3
-
   *    
[128]
TiO5
-
 
[192]
Ti2O6
-
   *    
[174]
Ti2O5
-
   *    
[208]
Ti2O7
-
   *    
[224]
Ti2O8
-
 
[272]
Ti3O8
-
[112]
TiO4
-
 
[192]
Ti2O6
-
 
[272]
Ti3O8
-
 
[16]
O
-
 
[48]
O3
-
 
[32]
O2
-
 
 
b: Ti 
a: Fe 
 116 
10
-6
10
-5
10
-4
10
-3
10
-2
10
-1
10
0
10
1
Io
n
 S
ig
n
a
l 
[m
V
 x
 n
s
]
2.52.01.51.00.50.0
O2 concentration [V/V %]
 
[16]
O
-
 
[32]
O2
-
 
[48]
O3
-
 
[63]
Cu
-
 
[95]
CuO2
-
   *    
[79]
CuO
-
   *    
[111]
CuO3
-
 
[174]
Cu2O3
-
   *    
[158]
Cu2O2
-
   *    
[190]
Cu2O4
-
[63]
Cu
-
 
[95]
CuO2
-
 
[174]
Cu2O3
-
 
[16]
O
-
 
[32]
O2
-
 [48]
O3
-
 
 
Fig. 5.6. Negative ion signals vs. oxygen concentration a: Fe, b: Ti, c: Cu. The voltage is 700 V, the 
current is 20 mA in all cases. The ion signal shown here is the area of the particular mass peak within 
a m/∆m=1500 mass window. Note: the [80]TiO2
–
, 
[96]
TiO3
–
 and 
[128]
TiO5
–
 signals are proportional to 
[112]
TiO4
–
, while the 
[176]
Ti2O5
–
, 
[208]
Ti2O7
– 
and 
[224]
Ti2O8
–
 signals are proportional to 
[192]
Ti2O6
–
 and are 
not shown here. Likewise, the 
[79]
CuO
–
 and 
[111]
CuO3
–
 signals are proportional to 
[95]
CuO2
–
 while the 
[158]
Cu2O2
–
 and 
[190]
Cu2O4
–
 are proportional to 
[174]
Cu2O3
–
 and are not shown in the graph. 
 
A very sharp increase in ion signals can be observed at a critical oxygen concentration 
(0.5%, 0.4% and 0.6% in iron, titanium and copper, respectively.) This sudden rise 
indicates a huge change in the discharge processes and/or in the behaviour of the flow 
tube. Above the threshold concentration, negative ions become more abundant than 
positive ones at the same oxygen concentration. The enhanced negative ion signal might 
be due to increasing electronegativity of the plasma (i.e. a significant fraction of the 
negative charge is carried by heavy anions rather than electrons). In this case i) ambipolar 
diffusion losses in the flow tube will be reduced; ii) recombination rates may increase as 
the reaction Ar
+
 + O
-
 → Ar + O can always proceed, unlike Ar+ + e- (excess energy), thus 
reducing the concentration of positive ions; iii) there can be no plasma sheath at the anode 
that may tend to prevent negative ions from being sampled. Although at these low oxygen 
fractions the active plasma is not expected to be electronegative [32], this may not be true 
in the afterglow in the flow tube where cool electrons can attach to oxygen atoms and 
molecules. 
c: Cu 
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5.6  Results of GD-ToF-MS measurements using a calamine sample in pure argon 
In order to compare the result I obtained with argon-oxygen mixtures to real life oxide 
samples I analysed a calamine sample (hot rolled steel with a mixture of FexOy oxides) by 
sputtering in pure argon. Results are shown in Fig. 5.7 as thick solid lines in the box 
overlaid on the pure iron curves.  
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Figure 5.7 Ion signals from a calamine (FeOx) sample in pure argon (lines in the box on the left) 
compared to ion signals from pure iron with argon-oxygen mixtures (lines with symbols). The 
estimated O2 released from the sample is about 0.01 %. All spectra were recorded at 700 V, 20 mA. 
 
The oxygen-containing ions, such as 
[16]
O
+
, 
[32]
O2
+
, 
[72]
FeO
+
 and 
[88]
FeO2
+
 show higher 
intensity than an iron sample in pure argon, but lower intensity than for an iron sample in 
0.01 % Ar-O2 mixture. This fact indicates that the oxygen released from the oxide sample 
is less than 0.01 % of the total gas flow in this example. This amount of oxygen is not 
likely to cause any effect on sputter rate or affect the discharge in any significant way. On 
the other hand, the 
[56]
Fe
+
 signal and the sputter rate of the calamine sample are both about 
60 % of pure iron in pure argon or about equal to pure iron with 0.08 % oxygen 
concentration. Therefore I may conclude that the large drop of iron sputter rate at about 0.1 
% oxygen concentration is only in small part due to the lower sputter rate of iron-oxides, 
and is mainly due to replenishment of oxides from the oxygen-containing feed gas. The 
most likely pathway to the fast oxidation of the sample surface is by reactive oxygen 
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species: oxygen ions and oxygen atoms that are both present in the Ar-O2 plasma.This test 
and the estimation of sputtered oxygen from the sample both shows that it is very unlikely 
to get more than 0.05 % oxygen released from the oxide sample under standard conditions 
used for glow discharge spectroscopy. This small amount of oxygen does not cause 
dramatic changes, the changes can be handled by calibration. 
 
5.7 Summary 
The effects of small, but application relevant, amounts of oxygen on argon analytical glow 
discharge mass spectrometry are studied and compared to the results of optical emission 
using iron, titanium, copper and gold samples. A sudden drop in sputter rate, optical 
emission and ion signals for iron and titanium is observed on addition of oxygen, and the 
phenomena would be explained as partly due to increasing surface oxidation. Besides this 
sudden drop, a large and steady decrease of ion signals with oxygen addition was also 
found. This decrease was not expected from optical emission data nor was it predicted by 
models [32], nor was it observed in a different fast flow source (Thermo Element GD). 
This phenomenon is attributed to gas-phase reactions happening in the flow tube in the 
flowing afterglow-like plasma. The quenching of Arm metastable atoms by O2 and 
enhanced recombination due to lower electron temperature are most likely responsible for 
the reduced ion signals. 
The results presented here underline the important differences between optical emission 
detection and mass spectrometry. Glow discharge mass spectrometry instruments are much 
more sensitive to molecular gases than glow discharge optical emission spectrometry 
instruments due to the quenching of metastable Ar atoms and ion recombination. The 
comparison to another fast-flow glow discharge mass spectrometry source shows that 
differences in the source design can yield very different source characteristics in terms of 
sensitivity to molecular gases. Better understanding of the fast flow sources is needed to 
optimise them for more sensitive, more robust analytical performance. 
In terms of analytical applications we found that deliberate addition of oxygen to the feed 
gas is not a viable option if the source is susceptible to O2 quenching. On the other hand, 
pure argon sputtering of oxide materials can yield a linear response for oxygen if the 
oxygen density is below the threshold level of oxide formation.   
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Chapter 6 
 
Comparison of a sample containing oxide with a pure sample 
with Ar/O2 mixtures 
 
6.1 Introduction 
Effects of traces of oxygen in analytical glow discharges can be investigated either by 
progressive addition of small quantities of oxygen molecular gas externally to the main 
carrier gas or by using a sample containing an oxide, for example, calamine. In previous 
chapters, I have presented the results of controlled addition of small quantities of oxygen 
molecular gas externally to the argon gas. In these glow discharge FTS measurements, it 
was observed that controlled addition of traces of oxygen can have a very significant effect 
on the sputter rate (see Figs. 3.9) and the relative intensities of both sputtered material and 
carrier gas (chapter 3 & 4). In chapter 5 in section 5.6, using time of flight mass 
spectrometry I compare the results of Ar/O2 mixtures to calamine sample in pure argon. 
However, mass spectrometry can only show changes in the total population of ions rather 
than optical emission spectrometry. Using the glow discharge FTS measurements with 
calamine sample, the time required to record a spectrum from a single scan was about 
three minutes, therefore measurements with oxide layers were complicated optical 
emission measurements. For the purpose of recording a complete spectrum in a very short 
time in seconds, the GDA650 surface layer analyser at the Leibniz-Institut für Festkörper- 
und Werkstoffforschung (IFW) Dresden was used. 
In this chapter, I report results of studies using glow discharge optical emission 
spectrometry to investigate the effects when oxygen itself comes from the calamine, i.e. a 
sample containing an oxide layer ( for more details see 2.3.4), in argon plasma. Time-
resolved spectrochemical information acquired during the analysis of the oxide layer is 
discussed and GD-OES depth profile measurements with this sample obtained by 
sputtering in pure argon are also presented. The multi-line studies for calamine were 
carried out using Spectruma GDA650 surface layer analyser at the IFW Dresden. Full 
experimental details of GD-OES depth profile measurements and instrumental 
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specifications are given in chapter two (section 2.3). Measurements were also done by 
adding the oxygen molecular gas externally to argon with a pure iron sample using the 
same Spectruma GDA650 surface layer analyser instrument and results are compared. In 
chapter 3, section 3.5, the sputter rate measurements were presented by measuring the 
volume of crater after a given time period. In this chapter I report sputter rate 
measurements using thin films of known thickness with calamine sample. To the best of 
my knowledge the effects of trace oxygen as a constituent of a sample in Grimm-type glow 
discharges in argon has not investigated to date. 
 
Table 6.1: Glow discharge operation modes, discharge current and the gas pressure during the 
sputtering of calamine in pure argon in glow discharge.  
Time for sputtering 
of calamine 
Constant (V-P) mode 
700 V, 3.205 hPa 
Constant (V-I) mode 
700 V, 20 mA 
Time /sec, ± 2 % 
0 
100 
150 
200 
300 
400 
500 
Current /mA, ± 2 % 
24.676 
20.619 
20.590 
20.510 
20.319 
20.444 
20.445 
Pressure /hPa, ± 2 % 
2.930 
3.064 
3.134 
3.132 
3.134 
3.134 
3.134 
 
6.2 Results of GDA650 measurements using a calamine sample in pure argon 
6.2.1 GD-OES depth profile measurements of calamine sample 
In order to evaluate the changes produced when the oxygen comes from the sample itself, 
a calamine sample was sputtered in a pure argon plasma. In a glow discharge, one cannot 
choose all three main parameters (voltage, current and pressure) independently. It is 
empirically established in analytical glow discharge that the intensities of sample emission 
lines are mainly influenced by discharge current and voltage, while gas pressure has a 
minor effect only [26, 98]. I have mainly carried out all the GDA650 measurements 
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following the analytical practice (constant V-I mode), however to study the influence of 
trace oxygen, both as a sample constituent and as an added gas, on discharge current 
constant V-P mode is also used. The variations in discharge current and the gas pressure 
during the sputtering of calamine in pure argon are presented in Table 6.1 and will be used 
in discussion.  
When the sample surface is bombarded by fast argon atoms and energetic ions from the 
plasma, elements present are eroded from the surface, excited and ionized and then 
identified by array detectors (CCD spectrometer with typical resolution 20 pm). Using 
GDA650 surface layer analyser, it is possible to record simultaneously a large number of 
emission lines of the sputtered matrix, carrier and any trace gases. In order to study how 
the emission line intensities of both the sputtered material, calamine in this case, and the 
argon main gas behave with the sputtering of the oxide layer in argon, the intensity of 
arbitrary selected lines together with the change in discharge current against the sputtering 
time is shown in Fig. 6.1. Details of the selected lines are presenting in Table 6.2.  
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Fig. 6.1 GD-OES depth profile of the calamine sample obtained by sputtering in pure argon at 700 V 
and 3.205 hPa; signal intensities of sputtered material, trace and carrier gas species against the 
sputtering time are shown. 
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Table 6.2.The selected emission lines discussed in depth profile measurement with details of the transitions. 
 
 
Species 
 
 
λ/nm 
 
Lower 
energy/ 
eV 
 
Upper 
energy/eV 
 
Configurations 
 
 
Terms 
 
 
 
Ji-Jk
*
 
 
Lower Upper 
O I 130.522 0.019 9.521 2s
2
2p
4
 2s
2
2p
3
(
4
S)3s 
3
P- 
3
S
o
 2 – 1 
Fe II   259.907 8.943 13.726 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
4
D- 
4
P
0 
5/2 – 5/2 
Ar I  418.188 11.723 14.687 3s
2
3p
5
(
2
P1/2)4s 3s
2
3p
5
(
2
P1/2)5p 
2
[1/2]
o
- 
2
[1/2] 0 – 1 
Ar II  350.978 35.065 38.596 3s
2
3p
4
(
3
P)4p 3s
2
3p
4
(
3
P)4d 
4
P
o
- 
4
D
 
1/2 – ½ 
Note:
 *
 k is for upper state and i is the lower state. 
 
A reasonably distinct plateau is seen in Fig. 6.1 after 300 sec where all the intensities were 
fairly stable. After about 200 sec the oxide layer has been removed and the sample behaves 
as a pure iron sample. Initially during the sputtering of the oxide layer (up to 100 sec) a 
significant decrease in discharge current is observed in Fig. 6.1, possibly due to an increase 
in plasma resistance when oxygen appears in plasma. To observe the changes in discharge 
current on addition of oxygen molecular gas externally to the argon gas using a pure iron 
sample, the results are shown in Fig. 6.2.  
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Fig. 6.2 Plot of the change in current against various oxygen concentrations at constant voltage (700 V) 
and constant pressure (3.205 hPa) with a pure iron sample. 
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It is noticed that at constant V-P, the discharge current in the oxide layer of calamine (Fig. 
6.1) is slightly higher than for an iron sample in pure argon in Fig. 6.2. This is likely due to 
higher secondary electron emission of FeOx than iron. In general, the secondary electron 
emission coefficient increases in the presence of oxygen i.e. by up to a factor of ten for 
tungsten under low energy bombardment by Li
+
 or Cs
+
 is reported in literature [93]. It can 
be seen in Fig. 6.1 that when the oxide layer is completely removed (after 300 sec), the 
value of the discharge current observed in calamine is comparable to the value of 
discharge current in the case of the iron sample in pure argon (Fig. 6.2). An overall 
decreasing trend in discharge current is observed, when oxygen gas is mixed with the 
argon before entering the source, and when the oxygen comes from the sample itself. It is 
reported that the secondary electron emission coefficient of the surface changes as it is 
oxidised [99, 100]. Hodoroaba et al.
 
[24] also reported a significant decrease in discharge 
current for copper, titanium and steel when hydrogen molecular gas was added externally 
to main argon gas and consequently caused a reduction in sputtering rate. Thus, the 
influence of trace oxygen gas on the discharge current presented in this chapter is in 
agreement with results for hydrogen gas previously published. 
 
6.2.2 Emission spectra during the depth profile measurement of calamine 
Prior to a discussion about the effect of oxygen, itself coming from the sample, on 
selective excitation of spectral lines in analytical glow discharges, emission spectra 
extracted during the depth profile measurement of calamine after sputtering in pure argon 
are shown in Fig. 6.3.  
The group of strong atomic oxygen lines which are frequently used for analytical purposes 
and lie in the vacuum UV (VUV) spectral region (130.0 – 131.0 nm) are shown in the inset 
within plots for clarity. In the emission spectrum taken after sputtering of 100 sec, we can 
see the relative intensities of the atomic oxygen lines while inset of Fig. 6.3(b) which was 
taken after sputtering of 400 sec there were no atomic oxygen lines appearing. 
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Fig. 6.3 Emission spectra of calamine sample obtained by sputtering in pure argon with 700 V and 
20 mA after (a) 100 sec & (b) 400 sec.  
 
The purpose of these plots is to show how much overall change in emission spectrum 
occurs when the oxide layer is completely removed from the sample. However, in order to 
investigate the effects of trace oxygen, appearing from the sample itself, on the excitation 
processes involved for individual energy levels, the observed line intensity ratios, RI = IFeO 
/ IFe, for individual lines of iron and argon are plotted against the excitation energy of the 
upper state of the transition involved in Fig. 6.4. IFeO is the intensity of a particular line 
measured in an oxide layer and IFe is the intensity of the same line in the substrate sample 
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(pure iron) after removal of the oxide layer under the same discharge parameters as 700 V 
& 20 mA. The variation due to trace oxygen in the emission intensity of Ar I, Ar II, Fe I 
and Fe II is discussed below. The emission lines presented in Fig. 6.4 are those observed in 
the recorded spectrum with signal to noise ratio greater than 100 in pure argon, though 
with somewhat lower signal to noise ratio during the sputtering of oxide layer. The noise 
in the spectrum recorded in pure argon and in an oxide layer can be seen in the inset of 
within Fig. 6.3. The details of all the spectral lines used here are given in appendices. 
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Fig. 6.4 The intensity ratios of all observed (a) Ar I, (b) Ar II, (c) Fe I  and (d) Fe II  emission lines as a 
function of their excitation energy for 700 V and 20 mA using the GDA650 instrument with calamine 
sample in pure argon. 
 
It is noticed that some of the spectral lines, which I observed in the emission spectra 
recorded with the IC VUV-FTS, are found to blended at the 20 pm resolution, used for this 
work; therefore, spectral lines were identified carefully, and ensured that any blended lines 
could be excluded from this study. In general it can be seen that the presence of oxygen 
decreases the Ar I and Ar II emission line intensities down to ≈ 75% of the emission line 
intensities observed for a pure iron substrate in argon. This trend is more pronounced in 
the case of matrix emission lines which were reduced down to ≈ 35 % of the emission line 
intensities observed with a pure iron substrate. The significant changes in the emission 
intensity of Fe I and Fe II lines are probably due to different sputter yields during the 
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sputtering of the calamine sample. It is expected that the sputter yield of an oxide material 
in argon plasma is lower than for a pure iron substrate. Elbern and Mioduszewski [79] also 
reported considerably lower sputtering yield for oxides than for the corresponding pure 
metals. Therefore, it is possible that after the removal of the oxide layer, the concentration 
of iron atoms and ions in the plasma, with higher sputter yields for iron in argon, is 
increased. This correspondingly increases the observed intensity, IFe, of atomic and ionic 
emission lines.  
The reduced intensity for Ar I and Ar II emission lines is likely to be due to increases in 
argon pressure, when iron is sputtered. It was noticed that there was about 7% increase in 
pressure when the oxide layer was completed removed. Further, the possible quenching of 
the population of the argon metastable level, Arm
*
, or the loss of the electrons which are 
responsible for the excitation of these levels due to presence of trace oxygen may also 
contribute to the drop of emission intensities of the carrier gas [43, 62]. 
In order to get a real picture for the excitation processes in the glow discharge from the 
emission lines of the material to be analyzed, the intensities of emission lines must be 
corrected for change in sputter rate. Z. Weiss
 
[54] has shown in detail how the “emission 
yields” (EY), i.e. intensity divided by sputter rate and the concentration of analyte in the 
matrix (75 % in case of calamine); can be used to collect information about the glow 
discharge excitation. I have measured the sputter rate for calamine (section 6.4) and 
emission lines of sputtered material are corrected for sputter rate changes in this work. In 
Fig. 6.5 emission yield ratios, EYFeO / EYFe, of selected Fe II emission lines, the same as 
those appearing in Fig. 6.4(d), are plotted against the upper level excitation energies. The 
emission yield ratios of the selected lines are measured at constant voltage-constant current 
mode as it is also well-known that pressure has lower influence on the emission yield than 
other electrical parameters [98].  
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 Fig. 6.5 Emission yield ratio of selected Fe II lines as a function of their excitation energy. GDA650 
data with 700 V, 20 mA using 4 mm anode tube for calamine sample. 
 
In order to validate the „standard model‟ in glow discharge optical emission spectrometry, 
the emission yield ratios of particular emission line, will be equal to one [54]. In this way 
the selected excitation processes particularly fixed to certain energy level, can be 
identified. For example, in the studies of Ar/H2 using an iron sample, according to the 
standard model the emission yield ratios of Fe II lines have to be equal to one. However, it 
was noticed [7] that iron ionic spectral lines with a total excitation energy close to 13.6 eV, 
the ionisation potential of hydrogen, are strongly violated the standard model by showing 
the emission yield ratios greater than one. Steers et al. [7] reported that for those Fe II and 
Ti II spectral lines, close to the ionisation of the hydrogen ion, selective excitation 
mechanism occurred due to asymmetric charge transfer with hydrogen ions (H-ACT) when 
trace H2 is present in argon glow discharge.  
The results presented in chapter four (Fig. 4.5, 4.7 & 4.8), using the high resolution VUV-
Fourier transform spectrometer (FTS) with a free-standing Grimm-type source, on effects 
of traces of oxygen on analytical glow discharges, have also indicated selected excitation 
for Fe II and Ti II emission lines is due to asymmetric charge transfer with oxygen ions 
(O-ACT). Some of the lines which exhibit O-ACT could not be included in Fig. 6.5 due to 
small gaps in the recorded spectrum where these lines coincide with the space between the 
arrays of GDA650 surface layer analyser. Although I could not observe the selected 
excitation for Fe II emission lines using GDA650 surface analyser, the emission yield 
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ratios of observed Fe II emission lines in Fig. 6.5 are in agreement with the standard model 
and indicates that the amount of oxygen, itself coming from sample, have not likely to 
effect on the emission yield of analyte material. This may be due to the amount of oxygen 
itself coming from sample being very small and much less than the concentration used for 
argon/oxygen mixtures. In order to verify this postulate, in the next section I will compare 
the emission intensity of atomic oxygen lines appearing with the calamine by sputtering 
with pure argon to the emission intensity of atomic oxygen lines obtained with 
argon/oxygen mixtures. 
 
6.3 Results of GDA650 measurements with controlled addition of oxygen 
externally to the main argon gas 
In this section the emission intensities of the selected spectral lines using the calamine 
sample are compared with the intensities of the same lines found using the iron sample 
with various argon-oxygen gas mixtures. The results are presented in Fig. 6.6. Measured 
emission intensities of selected lines observed with a pure iron sample as a function of 
oxygen concentration are shown with solid lines with symbols, whereas thick solid lines in 
the box on right y-axis are the intensities of the same lines in calamine in pure argon.  
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Fig. 6.6 Emission intensity of selected (a) O I, (b) Fe I, (c) Fe II, (d) Ar I and (e) Ar II lines from a 
calamine (FeOx) sample in pure argon (solid lines in the plot in the right y-axis) compared to emission 
intensity from pure iron with argon-oxygen mixtures (lines with symbols). All spectra were recorded 
at 700 V& 20 mA. 
 
It is seen in Fig. 6.6(a) that the emission intensity of atomic oxygen lines obtained from the 
FeOX (calamine) sample is about equal to the emission intensity of atomic oxygen lines 
with a pure iron sample with 0.05 %v/v oxygen concentration. It can be concluded from 
the Fig. 6.6(a) that under the standard conditions (700 V, 20 mA) used for glow discharge 
spectrometry, it is unlikely to get more than 0.05 %v/v oxygen concentration from the 
FeOx sample. It was presented in chapter 5 in section 5.6, using the time of flight mass 
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spectrometry, that oxygen containing ion signals obtained from the calamine sample and 
the estimation of sputtered oxygen from the sample both show that it was very unlikely to 
get more than 0.05 % oxygen under standard conditions used for glow discharge 
spectrometry. Thus, the glow discharge optical emission spectrometry results presented 
here by using FeOx (calamine) sample are in good agreement with the glow discharge time 
of flight mass spectrometry studies on calamine (section 5.6). In the case of spectral lines 
of iron and argon in FeOx, it is observed that the atomic and ionic emission intensity of 
both iron and argon are about equal to pure iron with 0.1 %v/v oxygen concentration. It is 
important to mention that the concentrations of oxygen used previously for the 
fundamental studies and analytical work [22, 23, 62] were considerably higher than those 
expected from real analytical samples. Therefore, in future for the fundamental studies on 
trace oxygen gas in analytical glow discharges in argon must not contain oxygen range 
more than 0.2 %v/v.  
 
6.4 Sputter rate measurements using the calamine sample and verification of 
Boumans equation 
In chapter 3 in section 3.5, the results of sputter rate measurements of a pure iron sample 
with the controlled addition of oxygen concentration in the glow discharge were presented. 
The sputter rates of iron in pure argon and various Ar/O2 mixtures were measured by 
measuring the volume of the sputter crater after a given sputter time. Full details of 
measurements were given in section 3.4 and results showing the change in iron sputter rate 
with progressive addition of oxygen in the glow discharge were presented in Fig. 3.9(a) 
and 3.10. In this chapter, I am presenting the sputter rate measurements of FeOx 
(calamine), when oxygen itself comes from the sample, in pure argon and using the results 
of sputter rate measurements of the calamine sample, Boumans equation will be verified. 
Prior to a discussion on the sputter rate measurements using the calamine sample, brief 
information about Boumans equation is given here.  
In analytical glow discharges the cathodic sputtering is governed by the removal of 
elements from the sample using the appropriate discharge parameters. A well established 
empirical relation (6.1), also known as the Boumans equation, [53] shows that the sputter 
rates „q‟ depend on the discharge current and voltage 
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q = Cq I (V - Vo)        (6.1) 
where „q‟ is the sputter rate, „Cq‟ is a sputtering constant which may vary with the plasma 
gas species but not with current, potential or pressure in the source, I, is the current and V0 
is the turn- on voltage which is typically 400 V in dc operation. 
Another term normally used in glow discharge plasmas is the reduced sputter rate „Q‟, i.e. 
the sputter rate per unit current strength, μg s-1A-1, viz.,  
 
Q = Cq (V - Vo)        (6.2) 
 
By using the weighing method [53] Boumans found that there was a linear relation of the 
reduced sputtering rate against the voltage. More details about the theory of sputtering, 
different forms of Boumans equation and methods to measure the sputter rates can be 
found here [101-103]. Over the years, many methods have been employed to measure the 
sputter rates. The most accurate method to measure the sputter rate is using the thin films 
of known thickness [101]. Therefore, a calamine sample, with known thickness, is used to 
validate the Boumans equation, when oxygen is itself coming from sample. The sputter 
rates were measured by taking the inverse of the time from the start of sputtering to when 
the intensity of a major element (Fe) in the film drops to half of its initial value. These 
measurements were carried out for both pure argon and an Ar+O2 gas mixture by keeping 
the pressure and flow of gas constant. The results are shown in Fig 6.7(a) & (b). The 
changes in reduced sputter rate against the voltage with fixed pressure with constant Ar-O2 
using the pure iron sample are shown in Fig. 6.8. 
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Fig. 6.7 Plot for reduced sputter rate against various voltages at constant pressure (3.205 hPa) with 
calamine sample using (a) pure Ar and (b) Ar + O2 mixture (29 sccm of Ar flow at 500 sccm, 3 sccm of 
pure O2 flow at 50 sccm). 
 
The linear dependence of the reduced sputter rate on voltage thus recorded is seen as 
apparent confirmation of Boumans equation, giving the higher value of the typical turn-on 
voltage as in metals near to 400 V. In Fig. 6.7(b), I plot the reduced sputter rate against the 
various voltages used but with the constant flow of an Ar-O2 gas mixture. The values for 
the flow rate are given above in the caption of Fig. 6.7(b) while the approximate 
concentration of oxygen in argon is 0.7 % v/v. As can be seen, the reduced sputter rate is 
still proportional to voltage. Interestingly I have observed that with the addition of oxygen, 
not only did the threshold voltage increase from 400V to 650 V, but also the sputter rate 
decreased. 
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Fig. 6.8 Plot for reduced sputter rate against various voltages at constant pressure (3.205 hPa) in pure 
iron sample using constant Ar + O2 mixture (29 sccm of Ar flow at 500 sccm, 3 sccm of pure O2 flow at 
50 sccm). 
 
In the case of a pure iron sample with constant pressure and constant flow of Ar-O2 gas 
mixture, as shown in Fig. 6.8, the results are different from those I obtained with calamine 
as sample (Fig. 6.7). The reduced sputter rate changes in a non-linear way with increase in 
voltage. In the range of 800-1200 V, the reduced sputter rate is roughly quadratic with 
voltage. Further increase in voltage, the reduced sputter rate is approximately linear with 
voltage. The non-linear behaviour is likely due to varying rate of sputtering, redeposition 
and oxide formation at the iron surface. At lower voltages the ratio of oxide formation and 
redeposition is greater than the rate of sputtering, therefore, the poisoning effect, a 
sputtering of different material with oxide layer, becomes dominant. Furthermore, it is 
apparent that the sputtering yields from metal oxides are lower for lower voltages and the 
process of formation of oxide become dominant than the sputtering of oxide layer. 
Alternatively at the higher voltages where the sputtering of the oxide layer prevails more 
than the oxide formation, a straight line in reduced sputter rate can be seen. It therefore 
appears that different behaviour in the reduced sputter rate in Fig. 6.8 may be due to 
changed surface rather than break down of Boumans equation. 
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6.5 Summary 
The influence of trace oxygen, both as a sample constituent and as an added gas is reported 
in this chapter. Time-resolved spectrochemical information acquired during the analysis of 
the oxide layer is discussed and glow discharge optical emission spectrometry depth 
profile measurements with this sample obtained by sputtering in pure argon are also 
presented. The emission intensities of the selected spectral lines measured using the 
calamine sample are compared with the intensities of the same lines found using the pure 
iron sample with various argon-oxygen gas mixtures. It was found that the amount of 
oxygen released from the calamine is not likely to cause any effect on sputter rate or affect 
the emission line intensities in any significant way. The important result obtained here is 
that the concentrations of the oxygen used previously for fundamental studies and 
analytical work were considerably higher than those expected from real analytical sample 
(calamine) as I used in this chapter. I have suggested that for the analytical glow discharge 
studies, controlled experiments investigating the behaviour of analyte material and carrier 
gas, the level of oxygen concentration in glow discharge must be in the range (0-0.15 
%v/v).  
With a calamine sample sputtered in pure argon higher currents, possibly due the higher 
secondary electron emission of FeOx than Fe, were observed than with pure Fe at the same 
pressure. The major changes in the measured emission intensity of Fe I and Fe II lines 
during the sputtering of calamine sample is due to different sputter yields. It is likely that 
the sputter yield of the oxide material in the argon plasma is lower than for an iron 
substrate. The emission yield ratios of observed Fe II emission lines are in agreement with 
the standard model and indicate that the amount of oxygen, itself coming from sample, is 
not likely to have an effect on the emission yield of analyte material.  
The reduced intensity ratios, IFeO / IFe, for Ar I and Ar II emission lines are likely due to 
increase in argon pressure, when iron is sputtered. Further, the possible quenching of the 
population of the argon metastable level, Arm
*
, or the loss of the electrons which are 
responsible for the excitation of these levels due to presence of trace oxygen is also 
expected.  
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Chapter 7 
 
A comprehensive GD-OES and GD-MS study to elucidate the effect of 
trace molecular gases (O2 and H2) on argon-based GD plasmas 
 
7.1 Introduction 
In previous chapters it was discussed that spectrochemical analysis obtained from 
“Grimm-type” glow discharge (GD) sources vary if traces of molecular gases – such as O2, 
H2, and N2 – are present. Use of clean instruments can remove external sources of trace 
molecular gases, but problems remain when traces are present as constituents of the 
sample material itself. In chapters 3 & 4, the behaviour of atomic and ionic emission lines 
of both sputtered material and carrier gas with controlled addition of oxygen were 
discussed. In chapter 5 the role of traces of added oxygen using time of flight mass 
spectrometry measurements was discussed. In order to gain additional insight into the 
numerous excitation and ionisation effects caused by the addition of oxygen to an argon 
glow discharge, I have carried out comparison experiments with hydrogen using both 
optical emission and mass spectrometry. The main purpose of this chapter is to present a 
comparison between the effects of traces of oxygen and hydrogen on Grimm-type glow 
discharge in argon using various cathode materials.  
To obtain a full understanding of the effects of trace molecular gases (O2 & H2) on argon-
based glow discharge plasmas, new measurements of optical emission spectra (OES) were 
generated in pure argon plasma with pure copper, iron and titanium samples, and relative 
line intensities were measured using the Imperial College (IC) high resolution vacuum UV 
Fourier Transform (FT) spectrometer. These line intensities are then compared to line 
intensities obtained from emission spectra of Ar/O2 and Ar/H2 plasmas. Changes in sample 
sputter rate, electrical characteristics and gas pressure in the presence of traces of oxygen 
and hydrogen are discussed. In order to get further relevant information, glow discharge 
mass spectrometry (GD-MS) experiments were also taken with pure Ar, Ar/O2 and Ar/H2 
plasmas. A comparison of results by GD-OES and GD-MS is discussed. 
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The main objective of the work reported here in this chapter is to study how the emission 
line intensities of argon carrier gas and sample behave with controlled addition of oxygen 
and hydrogen. In this regard, the observed line intensity ratios, IAr+TMG / IAr, for individual 
lines are plotted against the various molecular gas concentrations. IAr+TMG is the intensity 
of a particular line excited in mixed gas plasma (Ar + TMG means Ar + Ar/O2 or Ar/H2) 
and IAr is the intensity of the same line excited in pure argon under the same discharge 
conditions. The general effects on intensities of individual lines are presented. In chapter 3 
& 4 the results of measurements of GD-FTS are only presented for an iron sample as 
cathode in Ar/O2 mixtures and briefly compared with Ar/H2 mixtures. In this chapter, a 
comprehensive comparison of the effects of traces of oxygen and hydrogen is presented 
using iron, titanium and copper samples. In order to study the ions and ionic reactions 
involved in the excitation and ionization processes, glow discharge time-of-flight mass 
spectrometry (ToF-MS) experiments were also carried out. Only a brief summary of the 
results of ToF-MS studies with Ar/O2 mixtures is given here to give a comparison with 
Ar/H2 mixtures. However, a comprehensive discussion on the effects of oxygen traces in 
analytical glow discharges using ToF-MS studies are already presented in chapter 5. In 
chapter two a full description of the instruments used for the studies of FT-OES and ToF-
MS is given. 
 
7.2 Results of measurements of GD-FTS and GD-ToF-MS with the addition of 
oxygen and hydrogen on argon based glow discharge plasma 
The effects of progressive addition of trace molecular gases (O2 & H2) on the: 
(7.2.1) discharge parameters, (7.2.2) sputter rate and (7.2.3) intensities of both argon 
carrier gas and analyte emission lines are each discussed separately in this section. (Note 
that for convenience in comparison between different trace molecular gases (O2 & H2), 
throughout in this chapter in plots of results, I use a solid line for oxygen traces and dashed 
lines for hydrogen traces in argon plasma). All graphs presented in this chapter are 
arranged according to the excitation energy of the transitions, whilst the details of the 
transitions and approximate relative intensities as recorded in this work are presented in 
separate Tables 7.2, 7.3 & 7.4.  
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7.2.1 Discharge parameters 
For some years now, there has been discussion over the discharge parameters, i.e. current, 
voltage and pressure and their influence on results of analytical glow discharge. The 
discussion has focussed on how the operating discharge parameters influence the resultant 
sputtered crater shapes [106] and emission yields [54]. Steers et al. [9] investigated the 
effect of small quantities of molecular gases on the electrical characteristics and reported 
that in all cases with the standard discharge conditions used in analytical glow discharge, 
the addition of hydrogen or nitrogen to argon causes an increase in the discharge 
resistance. Therefore with constant voltage-pressure mode the current falls and with 
constant current-pressure mode the voltage rises. It is necessary to increase the total gas 
pressure to maintain the constant discharge parameters in later glow discharge mode. The 
results presented are only for iron sample as cathode. 
In order to study the effect of small quantities of oxygen on the discharge parameters, I 
have measured the V-I characteristics using the standard Grimm-type source at IC, 
London. The changes in the V-I characteristics at constant pressure caused by the addition 
of oxygen to argon using (a) copper (b) iron and (c) titanium are shown in Fig. 7.1. It is 
seen that the change in magnitude of voltage, with addition of oxygen in argon, is 
dependant on the cathode material (sample) and the particular value of current.  
The most interesting feature in the V-I characteristic with the addition of oxygen in argon 
is observed in the case of a titanium sample, when a significant increase in the voltage is 
seen at constant pressure. An increase in voltage with the addition of oxygen is observed 
for all the current values used here. On the other hand, in the case of copper and iron 
samples, with the addition of oxygen in argon with currents less than 20 mA, the voltage is 
seen to be increased some extend, while at higher current values the magnitude of voltage 
is seen to decrease. 
In chapter 5, I have discussed that a sudden decrease in sputtering rates and ion signal is 
observed at a current and material dependent threshold fraction of oxygen and is attributed 
to the formation of an oxide layer on the surface. As titanium is a more oxidising material 
than iron and copper under the discharge conditions used here and it is expected that the 
number of current carriers (ions and electrons) may significantly reduce with the addition 
of oxygen. Therefore, in the case of a titanium sample when oxygen is added in argon, the 
glow discharge is required to operate at significantly higher voltage to keep the electrical  
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Fig. 7.1 Effect of controlled addition of (0.05-0.80 % v/v) oxygen to argon with (a) copper (b) iron 
sample and (c) titanium sample, measured at a constant pressure at: (a) 5.80 Torr, (b) 5.88 Torr and 
(c) 4.70 Torr respectively. 
 141 
current constant because higher voltages mean higher ion and atom energies, and hence 
more ion and atom impact excitation/ionization, i.e. more ions and electrons (current 
carriers) to keep current constant. 
Hodoroaba et al. [24], using constant pressure-constant voltage mode, reported a 
significant decrease in discharge current for copper, titanium and steel when H2 was added 
externally to argon plasma. In chapter six (see Fig. 6.1 & 6.2), using a Grimm-type source 
with the same glow discharge operational mode as used by Hodoroaba, at Institute for 
Solid State and Material Research, Dresden, I have shown that the current is decreased 
significantly whether oxygen gas is mixed with the argon before entering the source or 
when the oxygen comes from the sample itself. Therefore I conclude that at particular 
discharge conditions used in analytical glow discharge under constant pressure-constant 
voltage mode, the addition of molecular gases (O2, H2, & N2) results in an increase in the 
plasma resistance and consequently in a decrease in the discharge current.  
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Fig. 7.2 Gas pressure measured as a function of O2 (solid line) & H2 (dash line) concentrations at 
constant dc electrical parameters (20 mA and 700 V) in argon glow discharge. 
 
On the other hand, to use the empirically established electrical discharge mode as constant 
voltage-constant current mode [1], the overall pressure has to be adjusted to maintain the 
required discharge voltage when molecular gases were mixed to main argon gas. The 
variation of total gas pressure as a function of oxygen and hydrogen molecular gases on 
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the Grimm type source using standard discharge conditions (700 V & 20 mA) are shown in 
Fig. 7.2. Absolute values for pressure with molecular gases are given in Table 7.1. 
Table 7.1: Gas pressure measured during the experiments in Ar/O2 and Ar/H2 with iron samples at constant dc 
electrical parameters (20 mA and 700 V) in glow discharge. 
Ar/O2  Ar/H2  
  Fe sample Ti sample Cu sample  Fe sample Ti sample Cu sample 
O2 (% v/v) 
± 5 % 
 
0 
0.04 
0.10 
0.20 
0.40 
0.80 
Pressure 
(Torr) ± 0.02 
 
5.88 
5.86 
5.74 
5.82 
5.88 
6.10 
Pressure 
(Torr) ± 0.02 
 
4.70 
4.96 
6.04 
5.84 
5.88 
6.16 
Pressure 
(Torr) ± 0.02 
 
5.44 
5.38 
5.44 
5.48 
6.00 
6.90 
H2 (% v/v) 
 ± 5 % 
 
0 
0.04 
0.08 
0.20 
0.40 
0.80 
Pressure 
(Torr) ± 0.02 
 
6.42 
6.90 
7.40 
7.68 
8.04 
8.10 
Pressure 
(Torr) ± 0.02 
 
4.84 
4.97 
5.39 
6.64 
7.14 
7.20 
Pressure 
(Torr) ± 0.02 
 
5.32 
5.34 
5.60 
6.16 
6.74 
7.60 
 
In all cases, apart from iron in Ar/O2 with slight variation in gas pressure, considerable 
increase in total gas pressure is seen, when either oxygen or hydrogen is added in glow 
discharge in argon. These variations in total gas pressure are essential to maintain the 
electrical parameters, (voltage-current). The change in magnitude of gas pressure is found 
to be significantly higher for the case of H2 addition than for the case of O2 addition. This 
information will be useful in a comparison study on the effects of oxygen and hydrogen on 
the behaviour of atomic and ionic emission lines of main gas and analyte materials in 
sections 7.2.3 & 7.2.4. 
 
7.2.2 Sputter rate changes with the addition of oxygen and hydrogen in argon 
In analytical glow discharges, the intensity of the analyte emission lines depends on the 
number density of atoms of the matrix which in turn depends on the flux of these into the 
discharge [4]. Therefore, the sputter rates of copper, iron and titanium were measured in 
pure argon and in various Ar/O2 and Ar/H2 mixtures. The measured sputter rates 
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normalised to those in the pure argon discharge are shown in Fig. 7.3. In all cases, the 
sputter rates decrease with the addition of oxygen and hydrogen for all the samples 
(cathode) studied here, however, the exact behaviour of this decrease is very different 
whether cathode material or molecular gas is changed. In chapters 3 and 5, I have 
discussed in detail the reason for the decrease in sputter rate with the addition of molecular 
gases. 
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Fig. 7.3 Normalised sputter rate (SR) as a function of various O2 (solid line) & H2 (dashed line) 
concentrations at 700 V, 20 mA for copper & iron and 40 mA for titanium sample. Note: SR for 
titanium with Ar/H2 are reproduced from ref. [4]. It should also be noted that in the case of titanium & 
iron for Ar/O2, at low sputter rate even the large uncertainty of ~ 50% gives error bars smaller than 
symbols. 
 
7.2.3  Effect of trace molecular gas on the behaviour of argon atomic emission lines 
The intensity ratios for selected Ar I emission lines free of self-reversal, and with signal-
to-noise ratio in most cases greater than 250 in pure argon, involving transitions from 4p 
and 5p levels, are plotted for various oxygen concentrations (solid line) and hydrogen 
concentrations (dash line) in Fig. 7.4(a), (b) & (c) for copper, iron and titanium samples 
respectively. All the graphs presented here are arranged according to the excitation energy 
of the transitions whilst the details of the Ar I transitions are given in Table 7.2. 
 
 144 
Table 7.2: The Ar I emission lines discussed in this chapter with details of the transitions (from [51], 
[26] and [105]) and approximate relative intensities as recorded in this work. 
 
 
λ/nm 
 
 
 Iline
* 
 
Lower 
energy/ 
eV 
 
Upper 
energy/ 
eV 
 
Configurations 
 
 
Terms 
 
 
 
Ji-Jk
**
 
 
Lower Upper 
772.376 VS 11.548 13.153 3s23p5(2P3/2)4s 3s
23p5(2P3/2)4p 
2[3/2]o- 2[3/2] 2 – 1 
751.465 VS 11.624 13.273 3s23p5(2P3/2)4s 3s
23p5(2P3/2)4p 
2[3/2]o- 2[1/2] 1 – 0 
794.818 VS 11.723 13.283 3s23p5(2P1/2)4s 3s
23p5(2P1/2)4p 
2[1/2]o- 2[3/2] 0 – 1 
706.722 VS 11.548 13.302 3s23p5(2P3/2)4s 3s
23p5(2P1/2)4p 
2[3/2]o- 2[3/2] 2 – 2 
696.543 VS 11.548 13.328 3s23p5(2P3/2)4s 3s
23p5(2P1/2)4p 
2[3/2]o- 2[1/2] 2 – 1 
419.071 M 11.548 14.506 3s23p5(2P3/2)4s 3s
23p5(2P3/2)5p 
2[3/2]o- 2[5/2] 2 – 2 
418.188 M 11.723 14.687 3s23p5(2P1/2)4s 3s
23p5(2P1/2)5p 
2[1/2]o- 2[1/2] 0 – 1 
433.356 W 11.828 14.688 3s23p5(2P1/2)4s 3s
23p5(2P1/2)5p 
2[1/2]o- 2[3/2] 1 – 2 
416.418 W 11.548 14.525 3s23p5(2P3/2)4s 3s
23p5(2P3/2)5p 
2[3/2]o- 2[3/2] 2 – 1 
 
Note:
*
 Iline is the observed line intensity: VS= very strong; M= medium and W= weak. 
**
 k is for upper state and i is the lower state. 
 
Spectral line profiles showing changes in self-absorption of selected Ar I lines (811.531 
nm, 842.465 nm and 763.511 nm) due to oxygen and hydrogen addition using iron as 
cathode have already been discussed in chapter three (see Fig. 3.3). In this chapter, the 
changes in intensity ratios of Ar I emission lines as a result of trace molecular gases 
(oxygen & hydrogen) using a copper sample as cathode material are presented and results 
are compared with the case for iron and titanium samples. The purpose of this analysis is 
to expand and give a fuller understanding of the consequence of presence of molecular 
gases (O2 & H2) in argon plasma using various analytical materials. 
The effect of trace molecular gases will be discussed here for transitions involving 4p and 
5s upper energy levels of atomic argon lines. The intense argon atomic spectrum contains 
argon lines with transitions from 4p energy levels but the Ar I lines commonly selected for 
analytical purposes using commercial instruments (i.e. laying in the visible spectrum) are 
transitions from 5p upper energy levels. Therefore, it is important to examine broadly how 
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the argon atomic spectrum behaves in presence of molecular gases (oxygen & hydrogen), 
and with different cathode materials, which have a significant effect. A further objective of 
these analyses is to identify the changes in magnitude of the emission lines which may 
vary when different cathode materials are used. 
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Fig. 7.4 Intensity ratios of Ar I emission lines for (a) copper (b) iron and (c) titanium samples, 
measured at 700 V and 20 mA plotted against total excitation energy for various O2 (solid line) & H2 
(dash line) concentrations. 
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Fig. 7.4 shows that the effects of traces of oxygen on argon atomic lines are significantly 
different from the case of addition of traces of hydrogen. In general, with all cases using 
the copper, iron and titanium samples, the decrease in magnitude of intensity ratios is more 
marked with the addition of hydrogen than with the addition of oxygen. However, the 
change in magnitude of intensity ratios, in both cases whether oxygen or hydrogen traces 
are added, is dependant upon the cathode materials.  
In the case of hydrogen, regardless of whether the selected Ar I lines are from 4p levels 
(13.0-13.5 eV) or 5p levels (14.0-14.5 eV), for all the matrices used here, the Ar I emission 
lines become relatively weaker in Ar/H2 mixtures than in pure argon. On the other hand in 
the case of oxygen, the Ar I lines from 4p levels behave slightly differently than those 
from 5p levels in Ar/O2 mixtures, and showing relatively more dependence on cathode 
materials. With the addition of oxygen, the populations in 4p levels for Ar I lines are seen 
to slightly reduce when iron and titanium samples as cathodes are used, whilst for the 
copper sample, the populations in 4p levels for Ar I lines are significantly enhanced. For 
the Ar I 794.818 nm emission line with upper energy level, 13.283 eV, enhancement of up 
to ≈ 50% in emission intensity with the addition of 0.8% v/v oxygen is seen. Regardless of 
which cathode material is used, the populations in 5p levels decrease with the addition of 
oxygen but at a more rapid rate than 4p levels. 
In particular, I believe that the excitation of 4p and 5p levels for Ar I lines are due to a two 
step process via the metastable states, and with the addition of molecular gases (O2 & H2) 
in pure argon, the excitation of 4p and 5p levels from the Ar metastable states is reduced 
due to the quenching of Arm such as: 
Arm (
2
P3/2, 
2
P1/2) + O2 (X) → Aro + O (
3
P) + O (
3
P)     (7.1) 
Arm (
2
P3/2, 
2
P1/2) + H2 (X) → Aro + H2
+
 (2sσ 3Σg)     (7.2) 
In addition, the shifting of the electron energy distribution function to lower energies is 
more expected in Ar/H2 than that in Ar/O2, which results in more rapid decrease the 
populations in 5p levels (14.0-14.5 eV) and 4p levels (13.0-13.5 eV) for Ar I lines in Ar/H2 
mixtures. I will discuss this assumption in more detail in section 7.2.4. 
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7.2.4 Effect of trace molecular gas on the behaviour of argon ionic emission lines 
The intensity ratios of selected Ar II emission lines are plotted for various oxygen 
concentrations (solid line) and hydrogen concentrations (dash line) in Fig. 7.5 (a), (b) & (c) 
for copper, iron and titanium samples respectively. Details of the Ar II transitions are 
given in Table 7.3. 
 
Table 7.3: The Ar II emission lines discussed here with details of the transitions (from [5], [104] and 
[105]) and approximate relative intensities as recorded in this work. 
 
 
λ/nm 
 
 
 Iline
* 
 
Lower 
energy/ 
eV 
 
Upper 
energy/  
eV 
 
Configurations 
 
 
Terms 
 
 
 
Ji-Jk
**
 
 
Lower Upper 
440.099 S 32.166 34.981 3s23p4(3P)3d 3s23p4(3P)4p 4D-4Po         7/2 – 5/2 
437.133 M 32.185 35.020 3s23p4(3P)3d 3s23p4(3P)4p 4D-4Po 5/2 – 3/2 
484.781 M 308 35.064 3s23p4(3P)4s 3s23p4(3P)4p 4P-4Po 3/2 – 1/2 
434.806 VS 32.403 35.253 3s23p4(3P)4s 3s23p4(3P)4p 4P-4Do 5/2 – 7/2 
442.600 S 308 35.308 3s23p4(3P)4s 3s23p4(3P)4p 4P-4Do 3/2 – 5/2 
454.505 M 32.899 35.626 3s23p4(3P)4s 3s23p4(3P)4p 2P-2Po 3/2 – 3/2 
460.957 S 34.213 36.902 3s23p4(1D)4s 3s23p4(1D)4p 2D-2Fo 5/2 – 7/2 
380.946 W 35.020 38.274 3s23p4(3P)4p 3s23p4(3P)5s 4Po-4P 3/2 – 5/2 
444.888 W 37.257 40.043 3s23p4(1D)4p 3s23p4(1D)5s 2Do-2D 5/2 – 5/2 
 
Note:
*
 Iline is the observed line intensity: VS= very strong; S= strong; M= medium and W= weak. 
**
 k is for upper state and i is the lower state. 
 
A distinct behaviour in Ar II emission lines is seen with the addition of trace molecular 
gases (oxygen & hydrogen) in argon based plasma. With the progressive addition of 
oxygen, with all matrices copper, iron and titanium, the populations in both 4p (34-37 eV) 
and 5s levels (38-41 eV) are found to decrease and the Ar II lines become relatively 
weaker than when observed in pure argon. However, contrary to this, with the addition of 
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hydrogen traces, all the selected argon ionic lines tend to become intense, albeit the change 
in magnitude in intensity ratios, as shown in Fig. 7.5, varies and is dependant on sample 
material. One of the possible explanations for the differing behaviour of intensity ratios in 
Ar/O2 and Ar/H2 mixtures could be significantly higher pressure in the case of hydrogen 
condition. Prior to a discussion of the investigation of differing behaviours of intensity 
ratios with oxygen and hydrogen addition, it is useful to discuss how the total population 
of argon ions behave with the addition of oxygen and hydrogen. 
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Fig. 7.5 Intensity ratios of selected Ar II emission lines for (a) copper, (b) iron and (c) titanium sample, 
measured at 700 V and 20 mA plotted against various oxygen (solid line) and hydrogen (dash line) 
concentrations. 
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In order to gain further information about the total population of argon ions, further 
experiments using a dc glow discharge with a time of flight mass spectrometer were 
carried out at the Swiss Federal Laboratories for Materials Science and Technology 
(EMPA), Thun, Switzerland. Copper, iron and titanium samples, were used for analysis 
with pure argon, and Ar/O2 and Ar/H2 mixtures with the same discharge conditions as in 
the FT-OES experiments. The changes in Ar
+
 signals with the addition of oxygen and 
hydrogen traces in argon for copper, iron and titanium are shown in Fig. 7.6. 
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Fig. 7.6 Ar
+
 signal as a function of various oxygen (solid line) & hydrogen (dash line) concentrations 
for various sample materials for 700 V and 20 mA. 
 
Interestingly with the addition of oxygen concentrations up to 0.8% v/v, the Ar
+
 signals are 
found to decrease by 2 to 3 orders of magnitude. However, with the addition of hydrogen, 
a decrease in Ar
+
 signal is also observed but is comparatively much larger than that the 
case of oxygen addition. 
By comparing the results of MS measurements with the FT-OES results, one sees that both 
the population of excited argon ions (as observed by OES) and the total number of argon 
ions (as observed by MS) fall greatly with the addition of oxygen concentrations in argon 
plasma. A significant difference in magnitude between the mass spectrometry and optical 
emission spectrometry results is expected due to the major drop in ion signal in the case of 
MS when ions are transported to the mass analyser. However, on comparing the MS 
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results with OES with the addition of hydrogen in argon plasma, a different picture is seen. 
Using the various matrices, whilst the population of excited argon ions increased 
significantly (as observed by OES), the total population of argon ions decreased 
drastically. 
Prior to further discussion on the varied behaviour of Ar II emission lines in the presence 
of trace molecular gases, it is important to note that the Ar II lines shown in Table 7.3 all 
have total excitation energy above 34 eV. In order to populate these energy levels, 
excitation is expected to be mainly excited by direct electron impact excitation from the 
argon ground state. Under the conditions used here, the energy required for exciting these 
levels by fast argon ion and atom impact excitation is expected quite high [50]. Therefore 
the change in electron density possibly due to higher electron thermalisation rates in the 
Ar/O2 and Ar/H2 discharges can be accounted for the drop in the argon ion signal as shown 
in Fig. 7.6. Particularly, the vibrational and rotational excitations of oxygen and hydrogen 
molecules may result in significant decrease in mean electron temperature in Ar/O2 and 
Ar/H2 plasma compared to that the pure argon plasma. However, I must seek an additional 
mechanism to explain the more pronounced decrease of Ar
+
 signal in Ar/H2 compared to 
that in Ar/O2.  
A clear quenching of the argon ion signal, independent of the sample, can be observed in 
Ar/H2 mixtures due to the formation of ArH
+
 and H3
+
, which is very prominent in the mass 
spectrum, the reactions are: 
Ar
+
 + H2 → ArH
+
 + H        (7.3) 
ArH
+
 + H2 → H3
+
 + Ar        (7.4) 
The presence of ArH
+
 and H3
+
 particularly in Ar/H2 plasma can engage more electron 
thermalisation by electron recombination with argon-hydride molecular ion and 
dissociative recombination of hydrogen molecule ion such as: 
e- + ArH
+
 → Ar + H (electron recombination with ArH+)     (7.5) 
e- + H2
+
 → H + H  (dissociative recombination of H2
+
)    (7.6) 
e- + H3
+
 → H + H + H or H2 + H (electron ion recombination)   (7.7) 
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and hence cause more marked decrease in argon ion signal in Ar/H2 than that in Ar/O2 
plasma as observed in Fig. 7.6. Weinstein et al. [95] have shown that, with the addition of 
hydrogen concentrations up to 0.8 % v/v in argon, the H3
+
 signals increase by 4 to 5 orders 
of magnitude more in Ar/H2 than in pure argon. Both ArH
+
 and H3
+
 are of course not 
present in the Ar/O2 plasma and cause more shift of the electron energy distribution 
function to lower energies in Ar/H2 mixtures. Bogaerts [30] has also reported the 
considerable drop, in the case of Ar/H2, in the densities of argon ions and electron than in 
the case of Ar/O2, where densities of Ar
+
 and electrons do not change significantly with 
addition of oxygen [32]. I postulate that a combination of the mechanisms listed above is 
sufficient to explain the decrease in argon ion signals with the addition of oxygen and 
hydrogen in argon plasma, and in particular the more pronounced decrease of argon ion 
signals in Ar/H2 mixtures. 
 
7.2.5 Effect of trace molecular gas on the behaviour of analyte emission lines 
In Fig. 7.2, the presence of trace molecular gases is seen to significantly decrease the 
sputter rate of all the samples used here. Therefore, with such drastic change in sputter 
rate, it is difficult to identify weak lines in the measured FTS spectra because of low signal 
to noise ratio, and hence account any plasma processes involved. In Fig. 7.7 all the copper 
emission lines are corrected for the change in sputter rate to obtain the emission yields. 
The changes produced by the added oxygen and hydrogen in the emission yield ratios 
(i.e. emission yield using an argon/oxygen mixture divided by the yield with pure argon) of 
the selected analyte lines are discussed in this section. All graphs presented in Fig. 7.7 are 
arranged according to the excitation energy of the transitions, whilst the details of the 
transitions and approximate relative intensities as recorded are presented in Table. 7.4. 
 
 
 
 
 
 154 
Table: 7.4 The Cu I and Cu II emission lines discussed in this chapter with details of the transitions 
(from [5], [16], [27] and [105]) and approximate relative intensities as recorded in this work. 
 
 
λ/nm 
 
 
 Iline
* 
 
Lower 
energy/ 
eV 
 
Upper 
energy/ 
eV 
 
Configurations 
 
 
Terms 
 
 
 
Ji-Jk
**
 
 
Lower Upper 
327.396 VS 0.000 3.786 3d104s 3d104p 2S-2Po 1/2 – 1/2 
324.754 VS 0.000 3.816 3d104s 3d104p 2S-2Po 1/2 – 3/2 
327.981 W 1.642 5.421 3d94s2 3d9(2D)4s4p(3P) 2D-2Fo  3/2 – 5/2 
515.324 S 3.786 6.191 3d104p 3d
104d 2Po-2D 1/2 – 3/2 
521.820 VS 3.816 6.192 3d104p 3d104d 2Po-2D 3/2 – 5/2 
261.837 M 1.389 6.123 3d94s2 3d105p 2D-2Po 5/2 – 3/2 
229.437 S 10.562 15.965 3d9(2D)4s 3d9(2D)4p 3D-3Po 2 – 2 
221.811 M 10.562 16.151 3d9(2D)4s 3d9(2D)4p 3D-3Po 2 – 1 
219.227 W 10.562 16.217 3d9(2D)4s 3d9(2D)4p 3D-3F 2 – 3 
 
Note:
*
 Iline is the observed line intensity: VS=very strong; S= strong; M= medium and W= weak. 
**
 k is for upper state and i is the lower state. 
 
In general, in the case of trace hydrogen addition in argon using a copper sample as 
cathode, the emission yield ratios of all the selected Cu I lines are found to be strongly 
enhanced. However, for the selected Cu II lines, the emission yield ratios decrease with 
the addition of hydrogen. On the other hand, in the case of oxygen addition in argon, the 
emission yield ratios of some of the selected Cu I lines, 327.396, 324.754 and 327.981 nm, 
are significantly increased, while others (Cu I and Cu II lines with increasing order of 
excitation energies) are slightly decreased or remain more or less constant. 
Interestingly, the Cu I 327.396 and 324.754 nm lines are the resonance lines (see Table 
7.4) and it is likely that changes in self-absorption due to addition of oxygen and hydrogen 
are the main reason for such a significant increase. However, the Cu I 327.981 nm line 
with 5.421 eV excitation energy is not a resonance line, and does increase strongly with 
the addition of both oxygen and hydrogen. This may be associated with a similar selective 
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excitation process which was observed when iron as cathode sample was used (see Fig. 
3.10) in argon/oxygen and argon/hydrogen mixtures. In that case, this supports our 
evidence that an Fe I line 281.329 nm, 5.320 eV, is strongly enhanced in presence of 
Ar/O2 and Ar/H2. Martin et al. [27] has also observed huge increases in emission yield 
ratios of certain lines (Ni I 231.10 nm, 5.36 eV & Zn I 213.86 nm, 5.79 eV) with the 
addition of hydrogen in concentrations 0.5 %, 1% and 10 % v/v. They suggested that the 
possible decrease in self-absorption in these lines due to hydrogen addition could be 
involved. 
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Fig. 7.7 Emission yield ratios of selected Cu I & Cu II lines measured at 700 V and 20 mA 
plotted against various oxygen (solid line) and hydrogen (dash line) concentrations. 
 
For the Cu II lines, a clear decreasing trend in emission yield ratios has been observed 
with the addition of hydrogen. It is observed that the emission yield ratio of Cu II line 
229.437 nm decreases more than the emission yield ratios of Cu II lines 221.811 and 
219.227 nm with the addition of hydrogen. Steers and Fielding [12] demonstrated that the 
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Cu II line is excited by an asymmetric charge transfer process from argon ionic metastable 
level of Ar II (15.937 eV). Hodoroaba et al. [5] reported that quenching of argon ions with 
the addition of H2 was the responsible of pronounced decrease of Cu II line 229.437 nm. It 
is also clear from Fig. 7.6 that significant quenching of argon ions with the addition of 
molecular gases occurs, which is in agreement with the results published earlier.   
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Fig. 7.8 Analyte ion signal as a function of various oxygen (solid line) & hydrogen (dash line) 
concentrations for various sample materials for 700 V and 20 mA. 
 
The effect of trace molecular gases (oxygen and hydrogen) on analyte signal ions (mass 
spectrometry studies) including copper, iron and titanium samples are shown in Fig. 7.8. 
With the addition of oxygen the analyte ion signals decrease significantly, while the 
magnitude of this decrease is dependant upon matrix used. A sudden drop of ion signal is 
observed in the case of titanium and iron samples whereas the drop in ion signal in the 
case of a copper sample is gradual at higher oxygen concentrations. Such a pattern 
(possibly due to phenomena of target poisoning) is expected as titanium and iron are 
relatively more reactive samples than the copper samples in the presence of oxygen, as 
discussed in section 5.5.1 in this thesis. On the other hand, the changes in analyte ion 
signals with the addition of hydrogen are very different than for oxygen addition. Analyte 
ion signals of all the matrices used here are increased significantly initially with the 
addition of hydrogen concentrations, but at higher concentrations tend to remain constant. 
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7.3 Summary of the results 
The effect of trace molecular gases on argon-based glow discharge plasmas (Ar/O2 & 
Ar/H2) is presented using copper, iron and titanium samples. A significant decrease in 
measured intensity of argon atomic lines (both from 4p & 5p levels) was observed with 
added hydrogen gas for all the matrices used. However, in the case of oxygen addition, 
argon atomic lines from 4p levels behave slightly differently from lines from the 5p levels.  
The argon ionic spectra (Optical Emission Spectrometry studies) for all the matrices used 
here become less intense, i.e. the population of excited argon ions is decreased, with the 
addition of oxygen in argon plasma. Similarly with the addition of oxygen concentration, 
the argon ionic mass spectra (Mass Spectrometry studies) are becoming less intense, i.e. 
the total number of argon ions is decreased. However, the decrease in total number of 
argon ions is observed to be more marked (certainly due to major drop in ion signals while 
transporting the ions to the mass spectrometer) compared with the decrease in the 
population of excited argon ions with the addition of oxygen. It is apparent that the change 
in magnitude of excited and total number of argon ions is dependant on the cathode 
material used. On the other hand, in the case of hydrogen addition varied behaviour has 
been observed. Although the argon ionic spectra (OES studies) tend to be become more 
intense, i.e. the population of excited argon ions is increased, with the addition of 
hydrogen in argon, the argon ion mass spectra (MS studies) tend to be weaker, i.e. the total 
number of argon ions decrease drastically. Here again the decrease in magnitude of the 
total number of argon ions, on addition of hydrogen, is dependant on cathode materials 
and is decreased much more than with the addition of oxygen in argon plasma. 
The emission yield ratios of selected copper atomic lines are significantly increased; whilst 
for copper ion lines, the emission yield ratios are considerably decreased, with the addition 
hydrogen in argon. In the case of oxygen addition, in general it was observed that the 
emission yield ratios of atomic and ionic lines remain more or less constant, though for 
many atomic lines a significant increase in emission yield is observed due to a major 
reduction in self-absorption for those lines. The contribution of the selective excitation of 
certain spectral lines with excitation energy close to 5.3 eV is observed with presence of 
oxygen and hydrogen in argon. It is apparent that the selective excitation is due to the 
presence of impurity gases but not due to the main carrier gas. 
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For the effect of oxygen and hydrogen on analyte signals, mass spectrometry studies show 
that ion signals associated with the sample (Cu
+
, Fe
+
 & Ti
+
) decreased suddenly by about 4 
orders of magnitude at particular oxygen concentrations. Other ion signals associated with 
main carrier gas (see Fig. 7.6) show a smaller abrupt change at this oxygen concentration, 
combined with a gradual change up to this point. In the case of hydrogen addition, no 
abrupt changes are observed; the Ar
+
 signal decreases by about five orders of magnitude 
(see Fig. 7.6) whilst the sample signal remains constant or increases slightly. 
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Chapter 8 
Conclusions and Future Work 
 
This chapter summarizes the results of studies using Fourier Transform Optical Emission 
Spectroscopy (FT-OES) and Time of Flight Mass Spectrometry (ToF-MS) reported in this 
thesis to investigate the effects of controlled addition of oxygen (0-0.8 %v/v) on observed 
spectra from a Grimm-type glow discharge in argon plasma. Various pure samples, i.e. 
iron, titanium, copper and gold and calamine (a sample with oxide layer) were used. Some 
suggestions regarding the future research work are also presented. 
 
8.1 Conclusions 
Major changes in the line intensities in emission spectra of analyte and main carrier gas 
are observed when trace oxygen is present in the glow discharge source. Significant 
changes in sample sputter rate in the presence of oxygen are reported; these changes are 
greater than those observed with Ar/H2 and Ar/N2 mixtures. It is found that the sputter rate 
for a given Ar/O2 gas mixture is not proportional to current, usually the correct assumption 
in glow discharge work. The intensities of atomic and ionic emission lines are decreased 
due to suppression of sputter rates on the addition of oxygen. Nevertheless, when 
comparing the emission yields the excitation of many Fe I and Fe II emission lines is 
shown to be somewhat enhanced in presence of oxygen.  
It is observed that oxygen traces added either to a pure argon or neon plasma can cause 
significant variations to the excitation processes occurring and the relative intensities of 
spectral lines particularly those partially or main excited by asymmetric charge transfer. 
Fe II and Ti II lines with upper energy close to 13.61 eV (the ionization energy of oxygen) 
show a significantly greater emission yield in the presence of trace oxygen than in pure 
noble gas (Ar and Ne). This is attributed to selective asymmetric charge transfer caused by 
oxygen ions. The intensities of Fe II lines with excitation energy close to 15.76 eV (the 
ionization of argon) decrease at higher oxygen concentration, due to quenching of argon 
ions and the corresponding reduction of asymmetric charge transfer with argon ions (Ar-
ACT). Glow discharge time of flight mass spectrometry experiments have shown that 
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about 2 to 3 order of magnitude decrease in the argon ion population occurs with the 
progressive increase in oxygen concentration in argon plasma. This supports the deduction 
from our optical emission spectrometry results that a significant quenching of argon ions 
occurs with the progressive addition of oxygen to the glow discharge.  
A decrease in self-absorption is clearly seen in selected Ar I line profiles with the addition 
of oxygen and hydrogen. The results presented in this thesis are in good agreement with 
the modelling studies on argon/oxygen glow discharge. For Ar I emission lines, a 
considerable enhancement of some argon atomic lines with total excitation energies of 
between ~13.0-13.2 eV in the presence of oxygen is observed. In general, the populations 
in Ar I 4p levels decrease slightly with the addition of oxygen though for many lines the 
effect is masked by major reductions in self-absorption. The population of Ar I 5p states 
also decreases with oxygen addition, but at a more rapid rate. The argon ionic spectra for 
all the matrices used here become less intense, i.e. the population of excited argon ions is 
decreased, with the addition of oxygen in argon plasma. It is likely that the electrons 
which are responsible for the ionization of argon atoms are lost due to higher 
thermalisation rates in the presence of oxygen molecules.   
The results of FT-OES are compared with the glow discharge time of flight mass 
spectrometry using iron, titanium, copper and gold samples. The results presented here 
underline the important differences between optical emission detection and mass 
spectrometry. Glow discharge mass spectrometry instruments are much more sensitive to 
molecular gases than glow discharge optical emission spectrometry instruments due to the 
quenching of metastable argon atoms and ion recombination. The comparison to another 
fast-flow glow discharge mass spectrometry source shows that differences in the source 
design can yield very different source characteristics in terms of sensitivities to molecular 
gases. It is also concluded that better understanding of the fast flow sources is needed to 
optimise them for more sensitive, more robust analytical performance.  
In terms of analytical applications I found that deliberate addition of oxygen to the feed 
gas is not a viable option if the source is susceptible to oxygen quenching. By using the 
calamine sample, it is found that oxygen released from the oxide sample is not likely to 
cause any effect on sputter rate or affect the discharge in any significant way. The results 
of GD-MS and GDA650 have shown that from the estimation of sputtered oxygen from 
the sample that it is unlikely to contribute oxygen concentration more than 0.05% under 
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standard conditions used for glow discharge spectroscopy. This small amount of oxygen 
does not cause dramatic changes; such as do occur can be handled by calibration.  
 
8.2 Suggestions of future work 
While much progress in the studies of effects of traces of molecular gases in analytical 
glow discharges has been made, as described in the previous section, there remains a 
potential for further work. In my thesis, the effects of traces of molecular gases on 
analytical glow discharge are presented by investigations of glow discharge source 
viewing through „end on‟ set up (where an integrated intensity from the whole discharge 
volume is recorded from the end of source). Different discharge processes are known to 
take place at different distances from the cathode [28], therefore, it may be useful in the 
future to investigate the effect of traces of gaseous elements in analytical glow discharges 
by viewing the source „side on‟ (where the spatial intensity distribution of emission lines 
can be studied). By using such measurements, axial intensity distribution of various 
spectral lines can be obtained in pure argon and various argon/oxygen mixtures by using 
the same discharge conditions as those used for „end on‟ measurements. The results 
obtained and presented in this thesis by using the „end on‟ measurements could then be 
compared with „side on‟ measurements to get the relative importance of excitation and 
ionization processes.  
For the studies of asymmetric charge transfer involving oxygen ions (O-ACT), it was 
clearly demonstrated that asymmetric charge transfer excitations can play a significant role 
in excitation and ionisation processes in the neon as working gas more so than for argon 
gas. It is repeated here that when the neon gas was in use as the main gas, the pumping 
speed was restricted by a valve to reduce the consumption of the gas and a range of 
oxygen concentrations was obtained by mixing pure neon with pure oxygen. In the case of 
argon, various oxygen concentrations were used by mixing pure argon with premixed pure 
argon with premixed argon with 2 (± 0.02) % v/v oxygen. As an awareness of the 
occurrence of O-ACT in Grimm-type glow discharges, the information and data provided 
in this thesis are permissible, however, for more refined analysis for a better understanding 
of the O-ACT in two different working gases, same pumping speed and mixing system for 
two different working gases are needed in future. 
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For spectrochemical applications, the Grimm-type source is widely used for the analysis of 
analytical material, i.e. iron, titanium, copper and their alloys. Essentially in this thesis, it 
is reported that O-ACT processes are more important when iron and titanium material as 
cathode are used. However, more quantitative data are needed in future using other 
cathode materials i.e. aluminium, bismuth, lead and chromium.  
The influence of traces of molecular gases (O2 & H2) on the argon plasma in a direct 
current analytical glow discharge was presented in this thesis for iron, titanium, copper and 
gold using time-of-flight mass spectrometry. Further work on the studies of the effect of 
small, but application relevant, amounts of oxygen and hydrogen in neon plasma can be 
helpful to underline the important excitation and ionisation process in analytical glow 
discharges, i.e. asymmetric charge transfer excitations. 
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Appendix A 
The Ar I emission lines presented in this thesis with details of the 
transitions and approximate relative intensities as recorded 
 
 
λ/nm 
 
 
 Iline
* 
 
Lower 
energy 
/eV 
 
Upper 
energy 
/eV 
 
Configurations 
 
 
Terms 
 
 
 
Ji-Jk
**
 
 
Lower Upper 
811.531 M 11.548 13.076 3s
2
3p
5
(
2
P3/2)4s 3s
2
3p
5
(
2
P3/2)4p 
2
[3/2]
o
- 
2
[5/2] 2 – 3 
801.479 M 11.548 13.095 3s
2
3p
5
(
2
P3/2)4s 3s
2
3p
5
(
2
P3/2)4p 
2
[3/2]
o
- 
2
[5/2] 2 – 2 
842.465 W 11.624 13.095 3s
2
3p
5
(
2
P3/2)4s 3s
2
3p
5
(
2
P3/2)4p 
2
[3/2]
o
- 
2
[5/2] 1 – 2 
763.511 S 11.548 13.172 3s
2
3p
5
(
2
P3/2)4s 3s
2
3p
5
(
2
P3/2)4p 
2
[3/2]
o
- 
2
[3/2] 2 – 2 
800.616 M 11.624 13.172 3s
2
3p
5
(
2
P3/2)4s 3s
2
3p
5
(
2
P3/2)4p 
2
[3/2]
o
- 
2
[3/2] 1 – 2 
751.465 S 11.624 13.273 3s
2
3p
5
(
2
P3/2)4s 3s
2
3p
5
(
2
P3/2)4p 
2
[3/2]
o
- 
2
[1/2] 1 – 0 
714.704 M 11.548 13.283 3s
2
3p
5
(
2
P3/2)4s 3s
2
3p
5
(
2
P1/2)4p 
2
[3/2]
o
- 
2
[3/2] 2 – 1 
727.294 M 11.624 13.328 3s
2
3p
5
(
2
P3/2)4s 3s
2
3p
5
(
2
P1/2)4p 
2
[3/2]
o
- 
2
[1/2] 1 – 1 
750.387 VS 11.828 13.479 3s
2
3p
5
(
2
P1/2)4s 3s
2
3p
5
(
2
P1/2)4p 
2
[1/2]
o
- 
2
[1/2] 1 – 0 
420.068 M 11.548 14.499 3s
2
3p
5
(
2
P3/2)4s 3s
2
3p
5
(
2
P3/2)5p 
2
[3/2]
o
-
2
[5/2] 2 – 3 
415.859 M 11.548 14.529 3s
2
3p
5
(
2
P3/2)4s 3s
2
3p
5
(
2
P3/2)5p 
2
[3/2]
o
-
2
[3/2] 2 – 2 
433.356 W 11.828 14.688 3s
2
3p
5
(
2
P1/2)4s 3s
2
3p
5
(
2
P1/2)5p 
2
[1/2]
o
-
2
[3/2] 1 – 2 
 
Note:
*
 Iline is the observed line intensity; VS= very strong; S= strong; M= medium and W= weak. 
**
 k is for upper state and i is the lower state 
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Appendix B 
The Ar II emission lines presented in this thesis with details of the 
transitions and approximate relative intensities as recorded 
 
 
λ/nm 
 
 
 S/N 
 
Lower 
energy/ 
eV 
 
Upper 
energy/ 
eV 
 
Configurations 
 
 
Terms 
 
 
 
Ji-Jk 
 
Lower Upper 
440.099 S 16.4065 34.981 3s
2
3p
4
(
3
P)3d 3s
2
3p
4
(
3
P)4p              
4
D-
4
P
o
            7/2 - 5/2  
443.1 S 16.426 34.981 3s
2
3p
4
(
3
P)3d 3s
2
3p
4
(
3
P)4p               
4
D-
4
P
o
         5/2 - 5/2   
480.602 VS 16.644 34.981 3s
2
3p
4
(
3
P)4s 3s
2
3p
4
(
3
P)4p               
4
P-
4
P
o
           5/2 - 5/2   
500.933 S 16.749 34.981 3s
2
3p
4
(
3
P)4s 3s
2
3p
4
(
3
P)4p               
4
P-
4
P
o
           3/2 - 5/2   
437.133 S 16.426 35.020 3s
2
3p
4
(
3
P)3d 3s
2
3p
4
(
3
P)4p               
4
D-
4
P
o
            5/2 - 3/2   
440.010 S 16.444 35.020 3s
2
3p
4
(
3
P)3d 3s
2
3p
4
(
3
P)4p               
4
D-
4
P
o
          3/2 - 3/2 
473.591 S 16.644 35.020 3s
2
3p
4
(
3
P)4s 3s
2
3p
4
(
3
P)4p               
4
P-
4
P
o
           5/2 - 3/2   
506.204 M 16.812 35.020 3s
2
3p
4
(
3
P)4s  3s
2
3p
4
(
3
P)4p               
4
P-
4
P
o
           1/2 - 3/2   
484.781 S 16.749 35.064 3s
2
3p
4
(
3
P)4s 3s
2
3p
4
(
3
P)4p               
4
P-
4
P
o
           3/2 - 1/2   
435.221 M 16.457 35.064 3s
2
3p
4
(
3
P)3d 3s
2
3p
4
(
3
P)4p               
4
D-
4
P
o
            1/2 - 1/2   
434.806 VS 16.644 35.253 3s
2
3p
4
(
3
P)4s 3s
2
3p
4
(
3
P)4p               
4
P-
4
D
o
            5/2 - 7/2   
664.370 S 17.629 35.253 3s
2
3p
4
(
3
P)3d 3s
2
3p
4
(
3
P)4p             
4
F-
4
D
o
            9/2 - 7/2   
426.653 M 16.644 35.308 3s
2
3p
4
(
3
P)4s 3s
2
3p
4
(
3
P)4p               
4
P-
4
D
o
            5/2 - 5/2   
442.600 VS 16.749 35.308 3s
2
3p
4
(
3
P)4s 3s
2
3p
4
(
3
P)4p               
4
P-
4
D
o
            3/2 - 5/2   
433.120 S 16.749 35.369 3s
2
3p
4
(
3
P)4s 3s
2
3p
4
(
3
P)4p               
4
P-
4
D
o
            3/2 - 3/2   
443.019 S 16.812 35.369 3s
2
3p
4
(
3
P)4s 3s
2
3p
4
(
3
P)4p               
4
P-
4
D
o
            1/2 - 3/2   
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437.967 S 16.812 35.401 3s
2
3p
4
(
3
P)4s 3s
2
3p
4
(
3
P)4p               
4
P-
4
D
o
            1/2 - 1/2   
487.986 VS 17.140 35.439 3s
2
3p
4
(
3
P)4s 3s
2
3p
4
(
3
P)4p               
2
P-
2
D
o
            3/2 - 5/2   
422.816 M 16.749 35.439 3s
2
3p
4
(
3
P)4s 3s
2
3p
4
(
3
P)4p               
4
P-
2
D
o
            3/2 - 5/2   
472.687 S 17.140 35.521 3s
2
3p
4
(
3
P)4s 3s
2
3p
4
(
3
P)4p               
2
P-
2
D
o
            3/2 - 3/2   
496.508 M 17.266 35.521 3s
2
3p
4
(
3
P)4s 3s
2
3p
4
(
3
P)4p               
2
P-
2
D
o
            1/2 - 3/2   
465.790 S 17.140 35.560 3s
2
3p
4
(
3
P)4s 3s
2
3p
4
(
3
P)4p               
2
P-
2
P
o
           3/2 - 1/2   
476.486 VS 17.266 35.626 3s
2
3p
4
(
3
P)4s 3s
2
3p
4
(
3
P)4p              
2
P-
2
P
o
           1/2 - 3/2   
372.931 S 16.644 35.727 3s
2
3p
4
(
3
P)4s 3s
2
3p
4
(
3
P)4p              
4
P-
4
S
o
           5/2 - 3/2   
385.058 S 16.749 35.725 3s
2
3p
4
(
3
P)4s 3s
2
3p
4
(
3
P)4p               
4
P-
4
S
o
           3/2 - 3/2   
457.935 S 17.266 35.732 3s
2
3p
4
(
3
P)4s 3s
2
3p
4
(
3
P)4p               
2
P-
2
S
o
           1/2 - 1/2   
458.990 S 18.427 36.886 3s
2
3p
4
(
1
D)4s 3s
2
3p
4
(
1
D)4p               
2
D-
2
F
o
            3/2 - 5/2   
460.957 VS   18.454 36.902 3s
2
3p
4
(
1
D)4s 3s
2
3p
4
(
1
D)4p               
2
D-
2
F
o
            5/2 - 7/2   
427.753 S 18.454 37.111 3s
2
3p
4
(
1
D)4s 3s
2
3p
4
(
1
D)4p               
2
D-
2
P
o
            5/2 - 3/2   
423.722 M 18.427 37.111 3s
2
3p
4
(
1
D)4s 3s
2
3p
4
(
1
D)4p               
2
D-
2
P
o
            3/2 - 3/2   
413.172 S 18.427 37.186 3s
2
3p
4
(
1
D)4s 3s
2
3p
4
(
1
D)4p               
2
D-
2
P
o
            3/2 - 1/2   
447.476 M 18.657 37.186 3s
2
3p
4
(
3
P)3d 3s
2
3p
4
(
1
D)4p               
2
D-
2
P
o
            3/2 - 1/2   
404.289 M 18.427 37.251 3s
2
3p
4
(
1
D)4s 3s
2
3p
4
(
1
D)4p               
2
D-
2
D
o
          3/2 - 3/2   
437.075 S 18.657 37.25 3s
2
3p
4
(
3
P)3d 3s
2
3p
4
(
1
D)4p               
2
D-
2
D
o
          3/2 - 3/2   
407.200 S 18.454 37.257 3s
2
3p
4
(
1
D)4s 3s
2
3p
4
(
1
D)4p               
2
D-
2
D
o
          5/2 - 5/2   
448.181 S 18.732 37.257 3s
2
3p
4
(
3
P)3d 3s
2
3p
4
(
1
D)4p               
2
D-
2
D
o
          5/2 - 5/2   
376.527 S 19.223 38.274 3s
2
3p
4
(
3
P)4p 3s
2
3p
4
(
3
P)5s               
4
P
o
-
4
P           5/2 - 5/2   
380.946 S 19.261 38.274 3s
2
3p
4
(
3
P)4p 3s
2
3p
4
(
3
P)5s               
4
P
o
-
4
P           3/2 - 5/2   
403.381 M 19.610 38.442 3s
2
3p
4
(
3
P)4p 3s
2
3p
4
(
3
P)5s               
4
D
o
-
4
P            3/2 - 1/2   
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407.663 M 19.643 38.442 3s
2
3p
4
(
3
P)4p 3s
2
3p
4
(
3
P)5s               
4
D
o
-
4
P            1/2 - 1/2   
349.154 VS 19.223 38.532 3s
2
3p
4
(
3
P)4p 3s
2
3p
4
(
3
P)4d               
4
P
o
-
4
D            5/2 - 7/2   
378.084 S 19.495 38.532 3s
2
3p
4
(
3
P)4p 3s
2
3p
4
(
3
P)4d               
4
D
o
-
4
D          7/2 - 7/2   
351.439 S 19.261 38.547 3s
2
3p
4
(
3
P)4p 3s
2
3p
4
(
3
P)4d               
4
P
o
-
4
D            3/2 - 5/2   
349.124 S 19.261 38.570 3s
2
3p
4
(
3
P)4p 3s
2
3p
4
(
3
P)4d               
4
P
o
-
4
D            3/2 - 3/2   
350.978 M 19.305 38.596 3s
2
3p
4
(
3
P)4p 3s
2
3p
4
(
3
P)4d               
4
P
o
-
4
D            1/2 - 1/2   
358.844 VS 19.495 38.708 3s
2
3p
4
(
3
P)4p 3s
2
3p
4
(
3
P)4d              
4
D
o
-
4
F            7/2 - 9/2   
357.662 VS 19.549 38.774 3s
2
3p
4
(
3
P)4p 3s
2
3p
4
(
3
P)4d               
4
D
o
-
4
F            5/2 - 7/2   
358.235 S 19.610 38.829 3s
2
3p
4
(
3
P)4p 3s
2
3p
4
(
3
P)4d               
4
D
o
-
4
F            3/2 - 5/2  
355.951 VS 19.680 38.921 3s
2
3p
4
(
3
P)4p 3s
2
3p
4
(
3
P)4d               
2
D
o
-
2
F            5/2 - 7/2   
394.610 S 21.143 40.043 3s
2
3p
4
(
1
D)4p 3s
2
3p
4
(
1
D)5s               
2
F
o
-
2
D            7/2 - 5/2   
444.888 M 21.498 40.043 3s
2
3p
4
(
1
D)4p 3s
2
3p
4
(
1
D)5s               
2
D
o
-
2
D          5/2 - 5/2   
 
Note:
*
 Iline is the observed line intensity; VS= very strong; S= strong and M= medium. 
**
 k is for upper state and i is the lower state 
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Appendix C 
The Fe I emission lines presented in this thesis with details of the 
transitions and approximate relative intensities as recorded 
 
 
λ/nm 
 
 
 Iline
* 
 
Lower 
energy/ 
eV 
 
Upper 
energy/
eV 
 
Configurations 
 
 
Terms 
 
 
 
Ji-Jk
**
 
 
Lower Upper 
385.991 VS 0.000 3.211 3d
6
4s
2
 3d
6
(
5
D)4s4p(
3
P)          
5
D-
5
D
o
   4 - 4 
392.291 S 0.052 3.211 3d
6
4s
2
 3d
6
(
5
D)4s4p(
3
P)          
5
D-
5
D
o
   3 - 4 
382.444 S 0.000 3.241 3d
6
4s
2
 3d
6
(
5
D)4s4p(
3
P)          
5
D-
5
D
o
   4 - 3 
388.628 S 0.052 3.241 3d
6
4s
2
 3d
6
(
5
D)4s4p(
3
P)          
5
D-
5
D
o
   3 - 3 
393.030 S 0.087 3.241 3d
6
4s
2
 3d
6
(
5
D)4s4p(
3
P)          
5
D-
5
D
o
   2 - 3 
385.637 S 0.052 3.266 3d
6
4s
2
 3d
6
(
5
D)4s4p(
3
P)          
5
D-
5
D
o
   3 - 2 
389.971 S 0.087 3.266 3d
6
4s
2
 3d
6
(
5
D)4s4p(
3
P)          
5
D-
5
D
o
    2 - 2 
392.792 S 0.110 3.266 3d
6
4s
2
 3d
6
(
5
D)4s4p(
3
P)          
5
D-
5
D
o
    1 - 2 
387.857 S 0.087 3.283 3d
6
4s
2
 3d
6
(
5
D)4s4p(
3
P)          
5
D-
5
D
o
   2 - 1 
392.026 M 0.121 3.283 3d
6
4s
2
 3d
6
(
5
D)4s4p(
3
P)          
5
D-
5
D
o
    0 - 1 
389.566 M 0.110 3.292 3d
6
4s
2
 3d
6
(
5
D)4s4p(
3
P)          
5
D-
5
D
o
    1 - 0 
371.993 VS 0.000 3.332 3d
6
4s
2
 3d
6
(
5
D)4s4p(
3
P)          
5
D-
5
F
o
   4 - 5 
373.713 VS 0.052 3.368 3d
6
4s
2
 3d
6
(
5
D)4s4p(
3
P)          
5
D-
5
F
o
   3 - 4 
370.556 S 0.052 3.397 3d
6
4s
2
 3d
6
(
5
D)4s4p(
3
P)          
5
D-
5
F
o
   3 - 3 
374.556 S 0.087 3.397 3d
6
4s
2
 3d
6
(
5
D)4s4p(
3
P)          
5
D-
5
F
o
   2 - 3 
372.256 S 0.087 3.417 3d
6
4s
2
 3d
6
(
5
D)4s4p(
3
P)          
5
D-
5
F
o
   2 - 2 
374.826 S 0.110 3.417 3d
6
4s
2
 3d
6
(
5
D)4s4p(
3
P)          
5
D-
5
F
o
   1 - 2 
373.332 M 0.110 3.430 3d
6
4s
2
 3d
6
(
5
D)4s4p(
3
P)          
5
D-
5
F
o
   1 - 1 
374.590 M 0.121 3.430 3d
6
4s
2
 3d
6
(
5
D)4s4p(
3
P)          
5
D-
5
F
o
   0 - 1 
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344.099 M 0.052 3.654 3d
6
4s
2
 3d
6
(
5
D)4s4p(
3
P)          
5
D-
5
P
o
   3 - 2 
349.784 W 0.110 3.654 3d
6
4s
2
 3d
6
(
5
D)4s4p(
3
P)          
5
D-
5
P
o
   1 - 2 
344.388 M 0.087 3.686 3d
6
4s
2
 3d
6
(
5
D)4s4p(
3
P)          
5
D-
5
P
o
   2 - 1 
382.042 S 0.859 4.103 3d
7
(
4
F)4s 3d
7
(
4
F)4p                
5
F-
5
D
o
   5 - 4 
382.588 S 0.915 4.154 3d
7
(
4
F)4s 3d
7
(
4
F)4p                
5
F-
5
D
o
    4 - 3 
373.486 S 0.859 4.178 3d
7
(
4
F)4s 3d
7
(
4
F)4p                              
5
F-
5
F
o
5 - 5 
383.422 M 0.958 4.191 3d
7
(
4
F)4s  3d
7
(
4
F)4p                
5
F-
5
D
o
   3 - 2 
374.949 S 0.915 4.220 3d
7
(
4
F)4s 3d
7
(
4
F)4p                
5
F-
5
F
o
   4 - 4 
376.719 M 1.011 4.301 3d
7
(
4
F)4s 3d
7
(
4
F)4p                
5
F-
5
F
o
   1 - 1 
364.784 M 0.915 4.312 3d
7
(
4
F)4s 3d
7
(
4
F)4p               
5
F-
5
G
o
   4 - 5 
438.354 S 1.485 4.312 3d
7
(
4
F)4s 3d
7
(
4
F)4p               
3
F-
5
G
o
   4 - 5 
363.146 M 0.958 4.371 3d
7
(
4
F)4s 3d
7
(
4
F)4p               
5
F-
5
G
o
   3 - 4 
440.475 M 1.557 4.371 3d
7
(
4
F)4s 3d
7
(
4
F)4p               
3
F-
5
G
o
   3 - 4 
357.01 S 0.915 4.386 3d
7
(
4
F)4s 3d
7
(
4
F)4p               
5
F-
3
G
o
   4 - 5 
361.877 M 0.990 4.415 3d
7
(
4
F)4s 3d
7
(
4
F)4p               
5
F-
5
G
o
   2 - 3 
356.538 M 0.958 4.435 3d
7
(
4
F)4s 3d
7
(
4
F)4p                              
5
F-
3
G
o
   3 - 4 
430.79 S 1.557 4.435 3d
7
(
4
F)4s 3d
7
(
4
F)4p                             
3
F-
3
G
o
   3 - 4 
360.886 M 1.011 4.446 3d
7
(
4
F)4s 3d
7
(
4
F)4p                              
5
F-
5
G
o
   1 - 2 
432.576 M 1.608 4.473 3d
7
(
4
F)4s 3d
7
(
4
F)4p                              
3
F-
3
G
o
   2 - 3 
404.581 S 1.485 4.549 3d
7
(
4
F)4s 3d
7
(
4
F)4p                              
3
F-
3
F
o
4 - 4 
271.903 M 0.000 4.559 3d
6
4s
2
 3d
6
(
5
D)4s4p(
1
P)          
5
D-
5
P
o
   4 - 3 
272.09 W 0.052 4.607 3d
6
4s
2
 3d
6
(
5
D)4s4p(
1
P)          
5
D-
5
P
o
   3 - 2 
396.926 W 1.485 4.608 3d
7
(
4
F)4s 3d
7
(
4
F)4p                
3
F-
3
F
o
   4 - 3 
406.359 S 1.557 4.608 3d
7
(
4
F)4s 3d
7
(
4
F)4p                
3
F-
3
F
o
   3 - 3 
381.584 S 1.485 4.733 3d
7
(
4
F)4s 3d
7
(
4
F)4p                
3
F-
3
D
o
   4 - 3 
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382.782 M 1.557 4.795 3d
7
(
4
F)4s 3d
7
(
4
F)4p                
3
F-
3
D
o
   3 - 2 
252.285 M 0.000 4.913 3d
6
4s
2
 3d
6
(
5
D)4s4p(
1
P)          
5
D-
5
D
o
   4 - 4 
252.744 M 0.052 4.956 3d
6
4s
2
 3d
6
(
5
D)4s4p(
1
P)          
5
D-
5
D
o
   3 - 3 
248.327 S 0.000 4.991 3d
6
4s
2
 3d
6
(
5
D)4s4p(
1
P)          
5
D-
5
F
o
   4 - 5 
251.81 M 0.087 5.010 3d
6
4s
2
 3d
6
(
5
D)4s4p(
1
P)          
5
D-
5
D
o
   2 - 1 
246.265 M 0.000 5.033 3d
6
4s
2
 3d
6
(
5
D)4s4p(
1
P)          
5
D-
5
F
o
   4 - 4 
248.814 M 0.052 5.033 3d
6
4s
2
 3d
6
(
5
D)4s4p(
1
P)          
5
D-
5
F
o
   3 - 4 
249.064 M 0.087 5.064 3d
6
4s
2
 3d
6
(
5
D)4s4p(
1
P)          
5
D-
5
F
o
   2 - 3 
247.978 W 0.087 5.086 3d
6
4s
2
 3d
6
(
5
D)4s4p(
1
P)          
5
D-
5
F
o
   2 - 2 
249.116 W 0.110 5.086 3d
6
4s
2
 3d
6
(
5
D)4s4p(
1
P)          
5
D-
5
F
o
   1 - 2 
278.81 W 0.859 5.305 3d
7
(
4
F)4s 3d
6
(
3
H)4s4p(
3
P
o
)        
5
F-
5
G
o
   5 - 6 
426.047 S 2.399 5.308 3d
6
(
5
D)4s4p(
3
P) 3d
6
(
5
D)4s(
6
D)5s  
7
D
o
-
7
D   5 – 5 
281.329 W 0.915 5.320 3p
6
3d
7
(
4
F)4s 3d
6
(a
3
F)4s4p(
3
P) 
5
F-
5
G
o 
4 – 5 
427.115 M 2.450 5.352 3d
6
(
5
D)4s4p(
3
P) 3d
6
(
5
D)4s(
6
D)5s  
7
D
o
-
7
D   3 – 4 
273.358 W 0.859 5.393 3d
7
(
4
F)4s 3d
6
(a
3
P)4s4p(
3
P)       
5
F-
5
D
o
   5 – 4 
322.579 W 2.399 6.242 3d
6
(
5
D)4s4p(
3
P) 3d
6
(
5
D)4s(
6
D)4d  
7
D
o
-
7
F   5 – 6 
355.493 M 2.833 6.320 3d
6
(
5
D)4s4p(
3
P) 3d
6
(
5
D)4s(
6
D)4d 
7
F
o
-
7
G
 
5-6 
369.4 W 3.038 6.394 3d
6
(
5
D)4s4p(
3
P) 3d
6
(
5
D)4s(
6
D)4d  
7
P
o
-
7
S   2 – 3 
 
Note:
*
 Iline is the observed line intensity: VS= very strong; S= strong; M= medium and W= weak. 
**
 k is for upper state and i is the lower state 
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Appendix D 
The Fe II emission lines presented in this thesis with details of the 
transitions and approximate relative intensities as recorded 
 
 
λ/nm 
 
 
 Iline
* 
 
Lower 
energy/ 
eV 
 
Upper 
energy
/eV 
 
Configurations 
 
 
Terms 
 
 
 
Ji-Jk
**
 
 
Lower Upper 
238.204 S 7.903 13.106 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
6
D-
6
F
o
 9/2 -11/2 
237.374 M 7.903 13.125 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
6
D-
6
F
o
  9/2 - 9/2 
239.563 S 7.951 13.125 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
6
D-
6
F
o
  7/2 - 9/2 
238.863 M 7.951 13.140 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
6
D-
6
F
o
  7/2 - 7/2 
240.489 S 7.986 13.140 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
6
D-
6
F
o  
5/2 - 7/2 
239.924 M 7.986 13.152 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
6
D-
6
F
o  
5/2 - 5/2 
241.052 M 8.010 13.152 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
6
D-
6
F
o  
3/2 - 5/2 
240.666 M 8.010 13.160 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
6
D-
6
F
o
  3/2 - 3/2 
241.107 M 8.024 13.165 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
6
D-
6
F
o
  3/2 - 5/2 
234.350 S 7.903 13.192 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
6
D-
6
P
o
 9/2 - 7/2 
236.483 M 7.951 13.192 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
6
D-
6
P
o 
7/2 - 7/2 
238.076 M 7.986 13.192 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
6
D-
6
P
o 
5/2 - 7/2 
233.280 M 7.951 13.264 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
6
D-
6
P
o
 7/2 - 5/2 
234.830 M 7.986 13.264 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
6
D-
6
P
o
 5/2 - 5/2 
233.801 M 8.010 13.311 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
6
D-
6
P
o
 3/2 - 3/2 
234.428 M 8.024 13.311 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
6
D-
6
P
o
 1/2 - 3/2 
275.574 S 8.889 13.387 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
4
D-
4
F
o 
7/2 - 9/2 
273.955 S 8.889 13.414 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
4
D-
4
D
o
 7/2 - 7/2 
274.932 M 8.943 13.452 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
4
D-
4
F
o
 5/2 - 7/2 
271.441 M 8.889 13.456 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
4
D-
4
D
o
 7/2 - 5/2 
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272.754 M 8.943 13.488 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
4
D-
4
D
o
 5/2 - 3/2 
274.918 M 8.979 13.488 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
4
D-
4
D
o
 3/2 - 3/2 
274.648 S 8.979 13.492 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
4
D-
4
F
o
 3/2 - 5/2 
274.320 M 9.000 13.518 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
4
D-
4
F
o
 1/2 - 3/2 
256.254 S 8.889 13.726 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
4
D-
4
P
o
 7/2 - 5/2 
259.154 M 8.943 13.726 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
4
D-
4
P
o
 5/2 - 5/2 
256.348 M 8.943 13.779 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
4
D-
4
P
o
 5/2 - 3/2 
258.258 M 8.979 13.779 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
4
D-
4
P
o
 3/2 - 3/2 
256.691 W 8.979 13.808 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
4
D-
4
P
o
 3/2 - ½ 
257.792 W 9.000 13.808 3d
6
(
5
D)4s 3d
6
(
5
D)4p 
4
D-
4
P
o
 1/2 - ½ 
 
Note:
*
 Iline is the observed line intensity: S= strong; M= medium and W= weak. 
**
 k is for upper state and i is the lower state 
 
Table: List of references has been used for the identification of spectral 
lines in this thesis. 
Spectral lines References 
Fe I [55], [56], [4], [26] and [105] 
Fe II [56], [7] and [105] 
Ar I [5], [51], [105] and [26] 
Ar II [5], [104] and [105] 
Cu I [5], [16], [27] and [105] 
Cu II [5], [14] and [105] 
 
 
 185 
 
Appendix E 
Details of glow discharge FTS experimental measurements 
 
Copper- Ar/O2 
Experiment 
Cu-Ar/O2 
O2 conc. 
% v/v 
PMT 
Voltage 
Wavelength 
range/nm 
Voltage (v) 
/current 
(mA) 
PMT 
detector 
Optical 
Filter 
Resolution
/ cm
-1 
ac0217a Pure Ar 540 200-300 700, 20 R166 - 0.055 
ac0218a 0.04 540 200-300 700, 20 R166 - 0.055 
ac0219a 0.10 540 200-300 700, 20 R166 - 0.055 
ac0220a 0.20 540 200-300 700, 20 R166 - 0.055 
ac0221a 0.40 626 200-300 700, 20 R166 - 0.055 
ac0222a 0.60 626 200-300 700, 20 R166 - 0.055 
ac0223a 0.8 626 200-300 700, 20 R166 - 0.055 
ac0224b Pure Ar 410 300-600 700, 20 1P28 WG 295 0.040 
ac0225b 0.04 410 300-600 700, 20 1P28 WG 295 0.040 
ac0226b 0.10 410 300-600 700, 20 1P28 WG 295 0.040 
ac0227b 0.20 410 300-600 700, 20 1P28 WG 295 0.040 
ac0228b 0.40 410 300-600 700, 20 1P28 WG 295 0.040 
ac0229b 0.60 410 300-600 700, 20 1P28 WG 295 0.040 
ac0230b 0.80 410 300-600 700, 20 1P28 WG 295 0.040 
 186 
ac0210b Pure 384 450-900 700, 20 R928 LP 47 0.033 
ac0211b 0.04 384 450-900 700, 20 R928 LP 47 0.033 
ac0212b 0.10 384 450-900 700, 20 R928 LP 47 0.033 
ac0213b 0.20 384 450-900 700, 20 R928 LP 47 0.033 
ac0214b 0.40 384 450-900 700, 20 R928 LP 47 0.033 
ac0215b 0.60 384 450-900 700, 20 R928 LP 47 0.033 
ac0216b 0.80 384 450-900 700, 20 R928 LP 47 0.033 
 
Copper- Ar/H2 
Experiment 
Cu-Ar/O2 
O2 conc. 
% v/v 
PMT 
Voltage 
Wavelength 
range/nm 
Voltage (v) 
/current 
(mA) 
PMT 
detector 
Optical 
Filter 
Resolution
/ cm
-1 
ac0634a Pure Ar 490 200-300 700, 20 R166 - 0.055 
ac0635a 0.04 490 200-300 700, 20 R166 - 0.055 
ac0636a 0.10 490 200-300 700, 20 R166 - 0.055 
ac0637a 0.20 490 200-300 700, 20 R166 - 0.055 
ac0638a 0.40 490 200-300 700, 20 R166 - 0.055 
ac0639a 0.60 490 200-300 700, 20 R166 - 0.055 
ac040a 0.8 490 200-300 700, 20 R166 - 0.055 
ac0231b Pure Ar 410 300-600 700, 20 1P28 WG 295 0.040 
ac0232b 0.04 410 300-600 700, 20 1P28 WG 295 0.040 
ac0233b 0.10 410 300-600 700, 20 1P28 WG 295 0.040 
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ac0234b 0.20 410 300-600 700, 20 1P28 WG 295 0.040 
ac0235b 0.40 410 300-600 700, 20 1P28 WG 295 0.040 
ac0236b 0.60 410 300-600 700, 20 1P28 WG 295 0.040 
ac0237b 0.80 410 300-600 700, 20 1P28 WG 295 0.040 
ac0239b Pure 384 450-900 700, 20 R928 LP 47 0.033 
ac0240b 0.04 384 450-900 700, 20 R928 LP 47 0.033 
ac0241b 0.10 384 450-900 700, 20 R928 LP 47 0.033 
ac0242b 0.20 384 450-900 700, 20 R928 LP 47 0.033 
ac0243b 0.40 384 450-900 700, 20 R928 LP 47 0.033 
ac0244b 0.60 384 450-900 700, 20 R928 LP 47 0.033 
 
Iron- Ar/O2 
Experiment 
Fe-Ar/O2 
O2 conc. 
% v/v 
PMT 
Voltage 
Wavelength 
range/nm 
Voltage (v) 
/current 
(mA) 
PMT 
detector 
Optical 
Filter 
Resolution
/ cm
-1 
af2806a Pure Ar 471 200-300 700, 40 R7154 - 0.055 
af2809a 0.04 471 200-300 700, 40 R7154 - 0.055 
af2810a 0.10 471 200-300 700, 40 R7154 - 0.055 
af2813a 0.20 610 200-300 700, 20 R7154 - 0.055 
af2814a 0.40 610 200-300 700, 40 R7154 - 0.055 
af2817a 0.80 610 200-300 700, 40 R7154 - 0.055 
af2818a 0.80 610 200-300 700, 40 R7154 - 0.055 
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af2807b Pure Ar 400 300-600 700, 40 1P28 WG 295 0.040 
af2808b 0.04 412 300-600 700, 40 1P28 WG 295 0.040 
af2811b 0.08 400 300-600 700, 40 1P28 WG 295 0.040 
af2812b 0.20 450 300-600 700, 40 1P28 WG 295 0.040 
af2815b 0.40 450 300-600 700, 40 1P28 WG 295 0.040 
af2816b 0.80 450 300-600 700, 40 1P28 WG 295 0.040 
 
Experiment 
Fe-Ar/O2 
O2 conc. 
% v/v 
PMT 
Voltage 
Wavelength 
range/nm 
Voltage (v) 
/current 
(mA) 
PMT 
detector 
Optical 
Filter 
Resolution
/ cm
-1 
af2117a Pure Ar 611 200-300 700, 20 R166 - 0.055 
af2118a 0.04 611 200-300 700, 20 R166 - 0.055 
af2119a 0.08 611 200-300 700, 20 R166 - 0.055 
af2120a 0.10 781 200-300 700, 20 R166 - 0.055 
af2121a 0.20 781 200-300 700, 20 R166 - 0.055 
af2122a 0.40 781 200-300 700, 20 R166 - 0.055 
af2123a 0.80 781 200-300 700, 20 R166 - 0.055 
af2124b Pure Ar 403 300-600 700, 20 1P28 WG 295 0.040 
af2125b 0.04 403 300-600 700, 20 1P28 WG 295 0.040 
af2126b 0.08 403 300-600 700, 20 1P28 WG 295 0.040 
af2127b 0.10 403 300-600 700, 20 1P28 WG 295 0.040 
af2128b 0.20 403 300-600 700, 20 1P28 WG 295 0.040 
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af2129b 0.40 403 300-600 700, 20 1P28 WG 295 0.040 
af2130b 0.80 403 300-600 700, 20 1P28 WG 295 0.040 
af2308b Pure Ar 370 450-900 700, 20 R928 Notch  0.036 
af2309b 0.04 370 450-900 700, 20 R928 Notch  0.036 
af2310b 0.08 370 450-900 700, 20 R928 Notch  0.036 
af2311b 0.10 370 450-900 700, 20 R928 Notch  0.036 
af2312b 0.20 370 450-900 700, 20 R928 Notch  0.036 
af2313b 0.40 370 450-900 700, 20 R928 Notch  0.036 
af2314b 0.80 370 450-900 700, 20 R928 Notch  0.036 
 
Iron- Ar/H2 
Experiment 
Fe-Ar/O2 
O2 conc. 
% v/v 
PMT 
Voltage 
Wavelength 
range/nm 
Voltage (v) 
/current 
(mA) 
PMT 
detector 
Optical 
Filter 
Resolution
/ cm
-1 
af2311a Pure Ar 420 200-300 700, 20 R166 - 0.055 
af2312a 0.04 420 200-300 700, 20 R166 - 0.055 
af2313a 0.06 420 200-300 700, 20 R166 - 0.055 
af2314a 0.08 420 200-300 700, 20 R166 - 0.055 
af2315a 0.15 420 200-300 700, 20 R166 - 0.055 
af2316a 0.28 420 200-300 700, 20 R166 - 0.055 
af2317a 0.56 420 200-300 700, 20 R166 - 0.055 
af2303b Pure Ar 280 300-600 700, 20 1P28 WG 295 0.040 
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af2304b 0.04 280 300-600 700, 20 1P28 WG 295 0.040 
af2305b 0.06 280 300-600 700, 20 1P28 WG 295 0.040 
af2306b 0.08 280 300-600 700, 20 1P28 WG 295 0.040 
af2307b 0.15 280 300-600 700, 20 1P28 WG 295 0.040 
af2308b 0.28 280 300-600 700, 20 1P28 WG 295 0.040 
af2310b 0.56 280 300-600 700, 20 1P28 WG 295 0.040 
af1412b Pure Ar 360 715-900 700, 20 R928 LP 715 0.033 
af1413b 0.04 360 715-900 700, 20 R928 LP 715 0.033 
af1414b 0.08 360 715-900 700, 20 R928 LP 715 0.033 
af1415b 0.20 360 715-900 700, 20 R928 LP 715 0.033 
af1417b 0.40 360 715-900 700, 20 R928 LP 715 0.033 
af1418b 0.80 360 715-900 700, 20 R928 LP 715 0.033 
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Appendix F 
 
Data for sputter rates during mass spectrometry measurements 
Cu-Ar/O2 
 
Sample 
[name] 
 
 Crater  
#
 
 
Resolution* 
[μm × μm] 
 
Speed** 
[μm/s] 
 
Avg. crater depth  
[μm] 
 
Ar/O2 
± 2 % 
 
Time***  
[sec] 
Cu 1 25×25 2500 49.1 0.000 514 
Cu 2 25×25 2500 56.8 0.020 567 
Cu 3 25×25 2500 43.4 0.040 515 
Cu 4 25×25 2500 44.7 0.060 532 
Cu 7 25×25 2500 38.1 0.150 532 
Cu 9 25×25 3500 49.4 0.000 521 
Cu 10 25×25 3500 60.2 0.100 750 
Cu 11 25×25 3500 36.3 0.100 520 
Cu 12 25×25 3500 30.7 0.200 522 
Cu 13 25×25 3500 17.4 0.400 789 
Cu 14 25×25 3500 26.8 0.600 1997 
Cu 15 25×25 3500 24.0 0.800 2243 
 
Note:
*
 Resolution of Altisurf 500 white light profilometer. 
**
 Speed of profilometer to measure the crater. 
***
 Time for sputtering of sample to have a deep crater. 
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Copper sample, crater 1 
  
 193 
 
 
 
Copper sample, crater 2 
 
 194 
 
 
 
Copper sample, crater 3 
 
 195 
 
 
 
Copper sample, crater 4 
 
 196 
 
 
 
Copper sample, crater 7 
 
 197 
 
 
 
Copper sample, crater 9 
 
 198 
 
 
 
Copper sample, crater 10 
 
 199 
 
 
 
Copper sample, crater 11 
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Copper sample, crater 12 
 
 201 
 
 
 
Copper sample, crater 13 
 
 202 
 
 
 
Copper sample, crater 14 
 
 203 
 
 
 
Copper sample, crater 15 
 
 204 
 
 
 
Data for sputter rates during mass spectrometry measurements 
 
Ti-Ar/O2 
 
Sample 
[name] 
 
 Crater  
#
 
 
Resolution* 
[μm × μm] 
 
Speed** 
[μm/s] 
 
Avg. crater depth  
[μm] 
 
Ar/O2 
± 2 % 
 
Time*** 
[sec] 
Ti 1 25×25 3500 13.4 0.000 639 
Ti 2 25×25 3500 0.693 0.200 1498 
Ti 3 25×25 3500 21.1 0.020 1008 
Ti 4 25×25 3500 8.13 0.040 529 
Ti 5 25×25 3500 0.595 0.060 616 
Ti 6 25×25 3500 0.994 0.080 2523 
Ti 7 25×25 3500 1.04 0.100 3784 
Ti 8 25×25 3500 1.37 0.060 2422 
Ti 9 25×25 3500 21.2 0.010 636 
 
Note:
*
 Resolution of Altisurf 500 white light profilometer. 
**
 Speed of profilometer to measure the crater. 
***
 Time for sputtering of sample to have a deep crater. 
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Data for sputter rates during mass spectrometry measurements 
 
Fe-Ar/O2 
 
Sample 
[name] 
 
 Crater  
#
 
 
Resolution* 
[μm × μm] 
 
Speed** 
[μm/s] 
 
Avg. crater depth 
[μm] 
 
Ar/O2 
± 2 % 
 
Time*** 
[sec] 
Fe 1 25×25 3500 18.2 0.000 535 
Fe 2 25×25 3500 12.3 0.000 357 
Fe 3 25×25 3500 12.8 0.020 358 
Fe 4 25×25 3500 10.9 0.040 365 
Fe 5 25×25 3500 14.1 0.080 550 
Fe 6 25×25 3500 1.6 0.100 1209 
Fe 7 25×25 3500 1.03 0.150 1509 
Fe 8 25×25 3500 1.33 0.200 2022 
Fe 10 25×25 3500 12.7 0.000 365 
Fe 11 25×25 3500 10.7 0.010 332 
Fe 12 25×25 3500 27.0 0.060 1002 
Fe 13 25×25 3500 1.91 0.400 3864 
 
Note:
*
 Resolution of Altisurf 500 white light profilometer. 
**
 Speed of profilometer to measure the crater. 
***
 Time for sputtering of sample to have a deep crater. 
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Appendix G 
 
Glow discharge: Glow discharge (GD) plasma is an ionized gas primarily utilized as 
an excitation / ionization source for direct solid sample analysis. The 
principle of operation in glow discharge is fairly easy to understand. 
In a glow discharge, cathodic sputtering is used to remove material 
from the sample surface. The atoms removed from the surface are 
excited in plasma through collision with electrons, metastable atoms 
and carrier gas atoms. 
 
Sputter rate: The sputter rate expresses the rate at which the analyte material 
(sample) is removed by the bombardment of ions or neutral atoms in 
glow discharge. Sputtering occurs when energetic ions or neutral 
atoms hit a surface. If the sputtering particles have energy 
significantly in excess of the binding energy of the target (cathode), 
then a target atom can be released with a probability known as the 
sputtering yield for that material – the number of sputtered particle 
per incident particle as a function of energy and identity of incident 
particle. Sputtering yields depend on the mass of the incident 
projectile as well as the energy. 
 
Depth profiling: In analytical glow discharge sometimes it‟s important to determine 
the concentration of elements as a function of depth from a solid 
sample surface and consequently it‟s effect on glow discharge. Thus 
depth profiling can be used to identify the elements present as a 
function of depth into the solid i.e. application includes thin films. 
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Thin film analysis: Analysis of a layer of material ranging from fractions of a 
nanometer to several micrometers in thickness. In most recent 
years, analytical glow discharge optical emission spectrometry is 
used broadly for performing depth profiling of thin films. 
 
Emission yield: In terms of simplicity, the emission yield can be defined as 
„intensity divided by sputter rate and the concentration of analyte 
in the matrix‟. In analytical glow discharge optical emission 
spectrometry, if a series of samples (materials) „M‟ is analyzed, 
containing an element „E‟ at various concentrations „cE,M‟, and if 
certain emission line λ (E) of this element is recorded, its intensity 
I λ(E),M will depend on the concentration of the elements E as  
 I λ(E),M = R λ(E) cE,M qM   
 where qM is the sputtering rate and R λ(E) is a proportionality factor 
called the emission yield of that particular line. By measuring the 
emission yields of a number of emission lines of the analyzed 
element, it is possible to get information about its excitation in the 
glow discharge. 
 
Modelling: A model is a simplified representation of the actual system 
intended to promote understanding and modelling is a discipline 
for developing a level of understanding of the interaction of the 
parts of a system, and of the system as a whole. In order to 
improve the analytical capabilities of glow discharges, and to 
study the relation between plasma properties and analytical 
results, a good insight into the plasma processes is desirable. This 
can be obtained by modelling studies of the behaviour of the 
various plasma species. 
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Co-adding: A common method for improving the signal-to-noise ratio in a 
spectrum is to record as many measurement scans of the 
interferogram as possible and to combine them by adding the 
interferograms or spectra together. This technique is called co-
adding.  
 
GD operation modes: For the dc glow discharges, there are three macroscopic operation 
parameters: the discharge current, the voltage and the pressure of 
the discharge gas. Of these three parameters, only two can be kept 
constant and the equilibrium value of the third parameter depends 
on the coefficient of secondary electron emission of the cathode 
material and the discharge gas. It is empirically established in 
analytical glow discharge that the intensities of sample emission 
lines are mainly influenced by discharge current and voltage, 
while gas pressure has a minor effect. Therefore, it is common 
practice to work with constant voltage-constant current mode. 
 
Thomson: The Thomson (symbol: Th) is a unit that has used in this thesis as 
a unit of mass-to-charge ratio. 
 
Absorption coefficient: The factor by which the intensity of electromagnetic energy 
decreases as it interacts with a unit thickness of an absorbing 
material. 
 
Fast flow source: The fast flow source is commonly used to improve operation at 
high sputtering rates. The basic purpose of using the fast flow 
sources in GD-OES and GD-MS studies is to transport ions 
rapidly from the volume where they are most abundant, close to 
the cathode sheath, towards the sampling orifice before they can 
be lost or recombine. Therefore, in the Grimm-type source with 4 
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mm diameter anode tube was used for GD-ToF-MS studies with 
reversed gas flow towards MS inlet. However, in the case of OES 
measurements the flow of gas is towards the cathode material, so 
that the optical window can be protected from deposition of 
sputtered material in glow discharge. 
 
The appearance (regions) of the glow discharge: 
 
Picture adopted from Zolton Donko during Marie Curie Research Training Network Training Course. 
The appearance (regions) of the glow discharge: - Cathode dark space (CDS): strong electric field; 
electrons (emitted from the cathode + secondaries) are accelerated, Negative glow (NG): deposition of 
electron energy, intensive ionization & excitation, Faraday dark space (FDS): low electron energy, no 
excitation and ionization, Positive column: ionization (in weak electric field) and wall losses balance 
each other. 
 
Molecular energy states: 
(1) Rotational states: These states are separated by quite small energy interval (10
-3
 eV) 
and the spectra that arise from transition between these states are 
in microwave region with wavelength 0.1 mm to 1cm.  
(2) Vibrational states: These states are separated by somewhat large energy interval 0.1 
eV and vibrational spectra are in infra-red region with wavelength 
of 1μm to 0.1 mm. 
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(3) Electronic states: These have the highest energies, with typical separation between 
the energy levels of valance electrons of several eV and spectra 
are Visible and ultraviolet regions.  
 
Polychromator: An optical device which used prism or diffraction grating to 
disperse light into different directions to isolate parts of the 
spectrum of the light. Polychromator has multiple exit slits. Each of 
which allows a different wavelength to pass through it. A detector is 
placed after each slit so that the light at each wavelength is 
measured by a different detector.  
 
 
 
 
 
 
 
 
 
